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Every day you may make progress. Every step may be fruitful. Yet there will 
stretch out before you an ever-lengthening, ever-ascending, ever-improving path. 
You know you will never get to the end of the journey. But this, so far from 
discouraging, only adds to the joy and glory of the climb.
-  Sir Winston Churchill (no date)
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ABSTRACT
Extreme environments can create ecotones with uncharacteristic physico­
chemical conditions and ecological communities. Recently, several submerged sinkholes 
were discovered in Lake Huron where hypoxic groundwater that is rich with dissolved 
ions intrudes into surrounding lake water. Researchers have documented large growths 
of cyanobacteria and ehemosynthetic bacteria surrounding these groundwater vents, but 
little is known if this production is utilized by upper trophic level organisms and how the 
environmental conditions affect local community density and diversity. My objectives 
were threefold: ( 1 ) 1  wanted to confirm the presence and describe the nature and extent 
o f chemical and physical gradients in the sublaeustrine sinkhole environments,; (2) I 
wanted to determine the distribution and abundance of higher trophic level organisms 
surrounding these sinkholes; (3) I wanted to trace the nutrient and energy flow through 
the food web from groundwater to primary producers to heterotrophic invertebrates and 
fish using stable isotopes. I used sonde measurements and chemical analyses to 
determine the extent of the environmental gradients, after which I set up random transects 
in the sinkholes to sample plankton, benthic macroinvertebrates, and fish. These data 
were compared to samples from local areas without groundwater input that I used as 
control sites. Lastly, I collected 126 samples from different components of the food web 
at both groundwater and control sites to compare stable isotope rations of the food webs.' 
Distinct environmental gradients of dissolved oxygen, specific conductance, and 
temperature were observed at the sinkhole sites, and all of these parameters were 
significantly different from control sites. These environmental conditions affected the 
density and community composition of both the benthic macroinvertebrate and fish
vi
communities, although I did not observe any signifieant patterns in the plankton 
eommunities. Moreover, stable isotope analysis showed signifieantly different earbon 
isotope signatures of the benthie eommunities (algae, maeroinvertebrates, fish). The 
results suggest that the inflow of groundwater moves aeross the benthos and ereates a 
unique environmental zone, and that the biologieal eommunities within this area are 
affeeted by and partially reliant on the intruding groundwater as a souree o f inorganie 
nutrients for primary produetion.
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CHAPTER I
GROUNDWATER VENTS IN THE GREAT LAKES: INTRODUCTION, 
OBJECTIVES, AND EXPECTED OUTCOMES
Introduction
Scientists are eontinually faseinated with eeotones: eoastal upwelling areas, 
forest edge habitats, and stream riparian areas are all prime examples, and these eeotones 
are foei o f eeologieal researeh (Begon, 1990). Eeotones are the produet o f juxtaposed 
habitats, where distinet gradients o f nutrients and environmental eonditions ereate myriad 
eeologieal niehes, fuel loeal food webs, and affeet the loeal eommunity eomposition and 
distribution. A prime eeotone example and an integral link in the flow of energy is the 
land-water interfaee. Even though they are a small portion of the total hydrosphere, lotie 
and groundwater environments are erueial to the flow of energy from terrestrial to aquatie 
eeosystems (Wetzel 2001).
Although most lotie aquatie researeh has foeused on surfaee runoff and river 
discharge, groundwater ean be an important souree o f nutrients and water diseharge to 
aquatie eeosystems. Groundwater travels from adjoining terrestrial eeosystems down 
slope, eventually mixing with nearshore waters. Researeh has shown that groundwater 
flow and the transport of nutrients into nearshore marine waters is more signifieant and 
widespread than originally thought (Johannes 1980; Chureh 1996; Moore 1996; Burnett 
et al. 2003; Slomp and Van Cappellen 2004). Although limited in the magnitude of the 
flow rate, groundwater ean have inereased eoneentrations of nutrients with respeet to 
nearshore marine water (Valiela et al. 1990; Slomp and Van Cappellen 2004). Beeause
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of this, submarine groundwater discharge (SGD) may be an important source of nutrients 
for nearshore coastal waters (Johannes 1980; Capone and Bautista 1985). Moreover, 
freshwater research on groundwater discharge (Loeb and Goldman 1979; Brock et al. 
1982; Hagerthey and Kerfoot 1998; Shaw and Prepas 1990) has shown similar 
relationships to those indicated by marine research.
SGD is more prevalent in areas o f high porosity, such as karst terrains. Karst 
terrains can form in a variety of geological settings, but predominantly in evaporite and 
carbonate rocks that are dissolved through chemical weathering to produce unique terrain 
features. Sinkholes and other karst features are created through natural dissolution of 
bedrock by carbonic acid, which forms by diffusion of atmospheric CO2 into surface 
moisture. Preferential chemical weathering of the surrounding bedrock will occur along 
weak areas in the bedrock such as fractures, fissures, and faults. This will increase the 
size of intrusion, eventually causing the overlying layers to plunge inward to create 
sinkholes, which vary in size from less than 1 meter to 100s of meters wide (Jennings 
1985).
Groundwater flow through these dissolution conduits creates large aquifers in the 
carbonate bedrock, and sinkholes serve as the points of groundwater entry and exit. On 
land, surface runoff collects inorganic nutrients from erosion/weathering and organic 
nutrients from decomposition that enter the groundwater system through sinkholes. 
Furthermore, dissolution o f evaporite rocks in the subsurface bedrock, such as gypsum 
(CaS0 4 *H2 0 ), can increase sulfate levels in the groundwater to extremely high 
concentrations. Groundwater flow from the aquifer will follow a hydraulic gradient, 
eventually exiting the subsurface aquifer through terrestrial springs or in the aquatic
2
environment as submerged groundwater discharge. Thus, sinkholes and springs provide 
a conduit for surface water and groundwater exchange, serving as a link for nutrients 
moving from land to water (Manga 2001).
Carbonate karst aquifers cover about 20% of the land area in the United States 
(Karst Waters Institute) and they are the dominant geologic terrain surrounding the lower 
Great Lakes (Figure 1). Most o f the Great Lakes basin is covered with glacial drift 
composed o f gravel, sand, silt, and clay. The bedrock under these sediments is mostly 
Silurian-Devonian carbonate-limestone, shale, and sandstone matrix (Grannemann et. al. 
2000). This carbonate bedrock stores more than 1,000 mi^ o f groundwater, which is 
approximately the volume of Lake Michigan (Grannemann et. al. 2000).
Dissolution o f the carbonate bedrock has produced karst features in the Lake 
Huron basin (Black 1983; Biddanda et al. 2006; Ruberg et al. 2008). Preferential 
solution from groundwater flow and surface moisture along an extension fault from 
Alpena, Michigan northwest to Rogers City, Michigan has created an extensive sinkhole 
system onshore near Alpena, Michigan, and sublaeustrine sinkholes were recently 
discovered offshore in Lake Huron (Coleman 2002; Ruberg et al. 2005; Biddanda et al. 
2006). The carbonate bedrock aquifer is characterized by varying amounts of sulfates, 
chlorides, fluorides, and iron (Kimmel 1983), and several of the sublaeustrine sinkholes 
are sites o f groundwater upwelling, where plumes of groundwater exit the aquifer system 
into Lake Huron (Biddanda et al. 2006, 2009; Ruberg et al. 2008) (Figure 2). Preliminary 
results indicate that the intruding groundwater has distinctly different chemical (elevated 
levels of SO4, Cl, NH3, and dissolved inorganic carbon but extremely low dissolved 
oxygen) and physical properties (lower temperature, higher specific conductance) in
3
comparison to surrounding lake water (Biddanda et al 2006, Ruberg et al 2008). 
Moreover, because o f the differences in the physico-chemical properties, the relatively 
denser groundwater from the vents hugs the lake bottom as it flows with minimal mixing 
with surrounding lake water (Ruberg et al 2008).
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Figure 1. Local aquifer geology of the Great Lakes region showing the dominance of 
carbonate rocks in the lower lake basins (Granneman, 2000).
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Figure 2. Schematic diagram of water sources and flow along subsurface pathways to 
discharge into Lake Huron. Inland recharge areas exert water pressure on aquifers,
forcing water through the karst system to Lake Huron (from Ruberg et al. 2008).
The unique physico-chemical conditions surrounding groundwater vents in Lake
Huron creates specialized ecological communities, dominated by expansive growths of 
cyanobacterial and algal mats (Ruberg et al 2008). Biddanda et al. (2006) reported 
elevated levels of bacterial production and evidence for chemosynthesis in a deeper 
groundwater vent (-100 m), while ribosomal DNA data indicates that a shallower 
sinkhole vent (-25 m) is home to a variety of sinkhole specific Bacteria, Archea, and 
Eukarya (Nold et al. Submitted).
The steep environmental gradients and enhanced bacterial production (both 
chemo and autotrophic) of these vents make them similar to marine hydrothermal vent 
ecosystems (Corliss 1979, Von Damm 1990), although the intruding water is not magma- 
heated. Marine hydrothermal vents have unique ecosystems that rely on ehemosynthetic 
bacteria as a source of energy for upper-level trophic levels, including worms (Luther et
al. 2001), mussels (Bergquist et al. 2004), and gastropods (Bates et al. 2005). Moreover, 
it appears that the physiology and habitat selection of these upper level organisms are 
dictated by the dynamic environmental conditions that occur in these areas (Sarrazin et al. 
1999, Luther et al. 2001, Bergquist et al. 2004, Bates et al. 2005). Thus, hydrothermal 
vent ecosystems may be analogous to the groundwater vents in Lake Huron.
This project had three main objectives. First, I wanted to confirm the presence 
and describe the nature and extent of chemical and physical gradients in the sublaeustrine 
sinkhole environments near Alpena, including inorganic nutrients, dissolved oxygen, 
specific conductance, and temperature. Second, I wanted to determine the distribution 
and abundance of higher trophic level organisms surrounding these sinkholes. Third, I 
wanted to trace the nutrient and energy flow through the food web from groundwater to 
primary producers to heterotrophic invertebrates and fish using stable isotopes of C, N, 
and S.
Traditionally, researchers have used gut content analysis, field and laboratory 
observations of feeding, and radioisotope tracers to study energy flow between different 
trophic levels. Although informative, these methods miss much of the complex 
interactions in food webs. These methods are indicators of feeding at a specific point in 
time, giving a picture of short-term feeding patterns. However, they are not a thorough 
analysis of nutrient intake integrated over a long time period unless many samples are 
taken, which is time and cost intensive.
An alternative approach to the study o f energy flow through food webs is stable 
isotope analysis (SIA) (Rounick and Winterboum 1986; Peterson and Fry 1987; Fry 
2006). Stable isotopes o f carbon, nitrogen, and sulfur naturally exist in small amounts,
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and these naturally occurring isotopes of each element are absorbed into all living 
organisms. This isotopic absorption occurs over a long time period, so SIA is temporally 
integrated as well (DeNiro and Epstein 1978; DeNiro and Epstein 1981; Hesselein et al. 
1993). There are small differences in earbon and sulfur isotopie composition that exist 
between different species or groups of primary producers that is the result of preferential 
absorption based on isotope weight. These differences among primary producers ean be 
traced through the food web using SIA to show the origin of energy that flows from 
producers to consumers (Fry 1984; Rundel et al. 1989; Lajtha and Michener 1994). For . 
example, tracing the ratio of and present in different steps o f a food chain can 
determine trophic pathways between consumers and food sources (“you are what you eat 
less excrete,” Fry 2006 p.56). Furthermore, stable isotope ratios of nitrogen are enriched 
3-4%o with each successive trophic level (Minigawa and Wada 1984) so food chain 
length and the trophic position of consumers ean be determined using stable isotopes 
(Vander Zanden et al. 1997; Vander Zanden and Rasmussen 1999; Vander Zanden et al. 
1999). To unravel the exact position o f different organisms in the food web, it becomes 
necessary to use multiple isotope tracers to show the relative “position” of one group of 
organisms versus another (Peterson and Fry 1987; Peterson and Howarth 1987).
Using stable isotopes to determine energy sources and flow paths has been 
successful in numerous aquatic ecosystems. In marine eeosystems, SIA has been used to 
examine food web interactions in pelagic (Fry 1988; Hobson and Welch 1992) and 
estuarine (Peterson et al. 1986; Peterson and Howarth 1987; McClelland et al. 1997) 
eeosystems. Freshwater aquatic researeh has shown linkages of primary producers, 
invertebrates, and fish in a number of different studies including researeh on lake (Rau
7
1980; Estep and Vigg 1985; Fry 1989; Jones and Waldron 2003) and river (Hesslein et al. 
1991; Hamilton et al. 1992) ecosystems. More specialized ecosystems have also been 
examined using SIA, including research by Coffin et al. (1989) linking bacteria to their 
growth substrates and Kennicut et al. (1992) tracing nutrient flow in deep-sea vent 
communities.
In the Great Lakes region, SIA has been used successfully to study aquatic 
ecosystems. Some o f the first research was conducted by Pang and Nriagu (1977) who 
showed a negligible amount of natural variation in isotopic variations in nitrogen in Lake 
Superior. The energy Sources and food chain lengths of wetland and pelagic food webs 
in Lake Superior were also examined using a stable isotope approach, showing that there 
are unique ÔC values of Great Lakes wetland and pelagic food webs (Keough et al. 1996). 
Recent research by Strand (2005) showed the success of SIA as a research tool to 
examine the trophic ecology o f the wave zone in Lake Superior, identifying relationships 
between primary producers and upper-level metazoans.
Expected Outcomes 
A prime example o f the fascination with environmental gradients is research 
regarding hydrothermal and cold-water vents and seeps. Although a relatively novel 
discovery (Corliss et al. 1979), the presence o f submerged water discharges in the oceans 
has intrigued scientists, and has fostered new fields o f study and the development of an 
underwater observation network of one o f these unique zones (NOAA 2008). Marine 
hydrothermal vent research has focused on the intrusion of thermally and chemically 
distinct water to benthic areas surrounding rift zones (for a review see Von Damm 1990), 
which creates different environmental zones with distinct biological communities (Van
8
Dover 2000, Luther et al. 2001). These ecosystems are driven by the unique set of 
environmental conditions where hydrothermal vent water and marine water mix.
We expected to observe similar patterns in the groundwater vent ecosystems of 
Lake Huron. The sulfate rich, oxygen poor groundwater of sinkholes should result in 
contrasting gradients of nutrients and oxygen. Water surrounding sinkholes should 
decrease in nutrients but increase in oxygen as distance from the groundwater intrusion 
increases (Figure 3). Theoretically, these inversely related nutrient and dissolved oxygen 
levels create a zone of high productivity that is limited in oxygen near the sinkhole. As 
groundwater radiates out from the sinkhole, production will decrease but oxygen will 
increase. This creates a concentration of higher trophic level organisms at the interface 
zone where oxygen concentrations and nutrient and food concentrations are optimal 
(Figure 3). Moreover, enhanced microbial and algal activity of sinkholes will create 
biological hotspots o f biomass production and organism density relative to normal lake 
production (Figure 3). I hypothesize that the groundwater environments will have
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Figure 3. Theoretical inverse relationships of nutrient and dissolved oxygen 
concentrations surrounding the groundwater vents (left) creates different zones of 
community abundances (right).
9
increased densities of benthie organisms, ineluding maeroinvertebrates and fish (Figure 
4). However, it is not elear whether the venting groundwater will affeet the loeal pelagie 
eeosystem beeause groundwater has been shown to hug the benthos as it flows from 
groundwater vents (Ruberg et al. 2008).
Figure 4. A lake eeosystem with groundwater input (A) and without groundwater 
input (B) and the theoretieal effeet on food webs of plankton ( ^ ) ,  benthie 
maeroinvertebrates ( ^ ) ,  and fish (CZZKl).
Beeause Lake Huron sinkholes are fed by groundwater that is sulfur-rieh and 
sediments around sinkholes are extremely earbon-rieh, there is good reason to suspeet 
that both earbon and sulfur will play an important role in food web strueture and funetion. 
Traeing stable isotopes of earbon (^^C) and sulfur (^ "^ S) should indieate unique ÔC and ÔS 
of groundwater and produeers (benthie algae, maerophytes, and baeterial mats) relative to 
lake water systems. These isotope values should transfer through the food web, linking 
the enhaneed biologieal produetion surrounding sinkholes to groundwater input (Figure
5).
10
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: -25 to -27
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Figure 5. A schematic diagram of known ÔC values of lake ecosystems with
groundwater input and without groundwater input. Trophic levels include benthic 
p ro d u cersC ^^), plankton ( ^ ) ,  benthic maeroinvertebrates ( ^ ) ,  and fish (CZZXI). 
The ÔC of organisms is directly linked to the ÔC of dissolved inorganic carbon (DIC) 
in the lake water and groundwater.
Little is known about the structure and function of groundwater vent ecosystems 
in the Great Lakes. I hope to determine how groundwater flow in these areas might 
affect the local communities and whether local benthic and pelagic ecosystems rely on 
groundwater as a source of inorganic nutrients and carbon. This project will improve our 
understanding of the effects of groundwater flow and subsurface processes on aquatic 
ecosystems in the Great Lakes. Groundwater could be an important source of nutrient 
transfer from terrestrial to aquatic ecosystems in this region. Furthermore, these 
ecosystems could be biological hotspots that are analogous to deep sea vent communities.
11
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CHAPTER II
GROUNDWATER VENT ENVIRONMENTAL GRADIENTS IN SUBMERGED 
SINKHOLES OF LAKE HURON, MICHIGAN
Abstract
Researchers recently explored several groundwater vents in Lake Huron near Alpena, 
Michigan. These vents are sites of emerging groundwater that are significantly different 
fi*om surrounding lake water in both chemical and physical properties. My objective was 
to determine the environmental gradients created by the intruding groundwater fi*om 
these vents. I measured a combination of physical and chemical variables to describe the 
extent o f groundwater gradients and compare groundwater eharaeteristies with lake water 
control sites at both nearshore and offshore locations. Both groundwater sites increased 
in dissolved oxygen (DO) and temperature with distance fi*om the groundwater souree 
(DO: -0.5-7.0 mg/L; temperature: nearshore ~10-13°C, offshore -9 -10°C), while spécifié 
conductance of groundwater decreased with distance (-2.3-1.8 mS/em). Furthermore, 
mean DO was significantly lower and specific conductance was significantly higher at
groundwater sites compared to control sites. Chemical analyses also showed
\
significantly higher mean values of C f, S04^', NHs', and DIG at groundwater sites 
relative to control sites, with decreasing gradients of Cf, S04^', NH3’, and dissolved 
inorganic earbon (DIG) at the shallow groundwater site. Groundwater does not mix 
easily with surrounding lake water, which creates distinct zones of unique water 
eharaeteristies that extend out from the groundwater souree. The dynamic juxtaposition
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of groundwater and lake water produces steep environmental gradients that may 
influence the food webs in these and surrounding ecosystems.
Introduction
A prime example of fascination with environmental gradients is research 
regarding hydrothermal and cold-water vents and seeps. Although a relatively novel 
discovery (Corliss et al. 1979), the presence of submerged water discharges in the oceans 
has intrigued scientists, with the advent of new fields of study and the development of an 
underwater observation network of one o f these unique zones (NOAA 2008). Marine 
hydrothermal vent research has focused on the intrusion of thermally and chemically 
distinct water to benthic areas surrounding rift zones (for a review see Von Damm 1990), 
which creates different environmental zones with distinct biological communities (Van 
Dover 2000, Luther et al. 2001). These ecosystems are driven by the unique set of 
environmental conditions where the hydrothermal vent water and marine water mix. 
These vent zones serve as a source for inorganic nutrient rich groundwater, and they are 
one component of the larger global submarine groundwater discharge (SGD) input. 
Along with the increase in hydrothermal vent research, there has been an increase in 
interest on the importance of SGD both as a source of nutrients (Valiela et al. 1990, 
Slomp and Van Cappellan 2004) and water (Church 1996, Bumett et al. 2003) to marine 
systems.
In freshwater environments, research has not been as extensive but there is some 
evidence o f both vent systems and large scale groundwater discharge. Recent work has 
indicated the presence of hydrothermal vents and associated environmental gradients in 
Yellowstone Lake, USA (Guidry and Chafetz 2002, Morgan et al. 2003), Crater Lake,
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USA (Dymond et al. 1989), and Lake Baikal, Russia (Crane et al. 1991a, Crane et al. 
1991b). Moreover, sublacustrine discharge through springs, seeps, vents, or broad scale 
intrusion could be prevalent in areas that lack hydrothermal activity (Church 1996, 
Grannemann et al. 2000). For example, Zacharias et al (2003) estimated 33% of total 
inflow was from groundwater input in a small lake in Greece. However, groundwater 
discharge in freshwater lakes has been quite difficult to observe in most lake systems 
(Zekster 1995), and thus it is difficult to observe any associated environmental gradients 
where the groundwater-lake water interface zone occurs.
Recently explored and documented groundwater vents in Lake Huron offer the 
first opportunity to study groundwater vent environmental gradients in the Laurentian 
Great Lakes. These vents are the product of karst dissolution o f Paleozoic bedrock 
(Coleman 2002; Black 1983; Gardner 1974), which is primarily composed of dolomite 
and carbonate limestone deposits intermixed with lenses of evaporites, mainly gypsum 
(Black 1983). Dissolution of the limestone and evaporite layers causes collapse of the 
bedrock on the lake bottom, creating submerged sinkhole environments where large 
volumes of chemically distinct groundwater flows onto the lake floor (Biddanda et al. 
2006, 2009; Ruberg et al. 2005, 2008). Since surrounding Lake Huron water has 
different physico-chemical properties, ideal conditions exist for steep environmental . 
gradients.
Our objective was to use standard physico-chemical monitoring methods and 
nutrient assessments to determine the presence and extent of environmental gradients 
surrounding two submerged sinkhole environments in Lake Huron. One hypothesis was 
that chemically distinct groundwater quickly mixes with surrounding lake water, and that
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it will not influence a large area due to the much smaller total volume input. Conversely, 
the waters may not mix easily due to the presence o f thermo, pycno, and chemoclines, 
which may create stable, measurable, and distinctly different water masses which 
gradually mix with lake water.
Methods
Study Site
The Alpena, Michigan area is underlain by Silurian-Devonian bedrock (-400 
mya) composed of limestone (CaCOs) and dolomite (CaMg(C0 3 )2 ) carbonates (Black 
1983, Olcott 1992). These layers of bedrock are interlain with gypsum (CaS0 4 ) and salt 
(NaCl) evaporite deposits from the Detroit River Group (Black 1983, Moreau 1983). 
Previous work by Black (1983) and Moreau (1983) indicated numerous sources of 
groundwater intrusion in this area, as well as several sources of groundwater exiting from 
the bedrock as both onshore and offshore springs and seeps. More recently, researchers 
have pinpointed locations of offshore groundwater flow from the bedrock directly into 
Lake Huron (Ruberg et al. 2005, 2008; Biddanda et al. 2006).
I conducted my research from May to August 2007, studying groundwater 
characteristics at two sampling sites: a shallow (1-3 m) spring in the El Cajon 
embayment along the coast of Lake Huron (17N 0317083 m E, 4994904 m N) and a 
deeper (14-23 m), bowl shaped collapse along the northeastern edge of Middle Island in 
Lake Huron (17N 0317208 m E, 5007627 m N ) (Figure 6 ).
At each groundwater site, I collected data along random transects originating at 
the site of groundwater intrusion. The data collected at these groundwater sites was 
compared to reference sites that were similar in surface hydrology and depth, but lacked
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Figure 6 . Locations o f shallow and offshore groundwater and reference sites in the Thunder Bay National Marine 
Sanctuary near Alpena, Michigan.
any groundwater input. To determine the presence or absence of groundwater input at 
the control sites, I measured specific conductance (mS/cm); if  the specific conductance at 
a possible control site was consistently similar to background levels of Lake Huron, I 
considered the site as a valid control. The control sites were Squaw Bay (the control for 
El Cajon), a shallow embayment (3-4 km) south of Alpena, Michigan (17N 0306454 m 
E, 4986394 m N ), and northeast o f Middle Island (17N 0317736 m E, 5007412 m N ) 
(Figure 6 ).
Physico-chemical Analysis
I collected real-time physico-chemical data from each sampling site using a YSI 
6600 sonde (YSI Incorporated, Yellow Springs, OH) equipped with sensors for depth, 
specific conductance, dissolved oxygen (DO), temperature, pH, oxidation-reduction 
potential, turbidity, chlorophyll, and total dissolved solids. To ensure accurate 
measurement o f DO, I allowed the sonde to equilibrate for a minimum of 30 s before 
recording a measurement.
At the shallow groundwater site, I collected data at sampling points along three 
transects from 18-22m in total length (n -  22). I collected data linearly at 2- or 4-m 
intervals until DO and specific conductance data was similar for two consecutive 
sampling points. I measured distance from the groundwater source at each sampling 
point. At the offshore groundwater site, I collected data along one transect that was 
approximately 234 m (M = 11). At the offshore groundwater site I determined distance 
from the groundwater source by marking each sampling point with a global positioning 
system (GPS) and determining the distance using Arc View 3.3 (ESRI, Redlands,
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California). I used similar methods to collect physico-chemical data at my shallow water 
control site {n = 5) and my offshore control site {n = 3).
Nutrient Analyses
At each sampling site, I collected water samples to analyze for inorganic 
nutrients. At the shallow groundwater site, water samples were collected at l-2m 
intervals along a 17m transect and at several other sampling points in the groundwater 
zone. I collected water samples by hand using a hand-activated 5-L Niskin sampler just 
above the lake bottom. At the offshore groundwater site, groundwater samples were 
collected by divers (NOAA Thunder Bay National Marine Sanctuary) using 5-L Niskin 
samplers that were hand activated < 1 m from the lake bottom. Prior to water collection, 
I verified the presence o f groundwater in an area using a YSI 6600 sonde to measure the 
specific conductance of the bottom water. I also used this method before water samples 
were processed to verify that water collected was groundwater. I used similar Niskin 
bottle collection methods to collect water samples from both shallow water and offshore 
control sites.
Water samples were analyzed for C f, S O /', and NH 3 ' following standard 
methods (APHA 1996), while dissolved inorganic carbon (DIC) was determined from 
alkalinity using equations of Wetzel and Likens (2000) (Environmental Chemistry 
Laboratory, Annis Water Resources Institute, Grand Valley State University).
Statistical Analysis
Physico-chemical data were analyzed using simple linear regression for specific 
conductance, DO, and temperature versus distance at the two groundwater sites (shallow 
and offshore). The significance of each regression was assessed by testing whether the
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slope was significantly different from zero (Ho: P = 0 against Ha: P 7  ^0). I also 
performed a two-way factorial design ANOVA for mean specific conductance, DO, and 
temperature data from all four sites (shallow groundwater, shallow control, offshore 
groundwater, and offshore control). The two factors were type (groundwater, control) 
and depth (shallow, offshore). For nutrient data, I performed simple linear regression 
analyses of nutrient concentration versus distance for the shallow groundwater site. The 
significance of each regression was assessed by testing whether the slope was 
significantly different from zero (Ho: P = 0 against Ha: P 0). I also pooled the 
groundwater and control water nutrient values from both shallow and offshore sites and 
performed t-tests for Cf, S O /', NHg', and DIC. I used SPSS 14.0 (SPSS, Inc., Chicago, 
Illinois) for all statistical analyses.
Results
Physico-chemical Analysis
Physical variables at both groundwater sites showed similar gradients o f specific 
conductance, DO, and temperature. At the shallow groundwater site, specific 
conductance decreased from 2.39 to 1.98 mS/cm (range = 1.93-2.45 mS/cm) with 
distance from the groundwater source (Figure 7). Similarly, the specific conductance at 
the offshore groundwater site decreased from 2.29-1.69 mS/cm (range =1.38-2.39 
mS/cm) along the transect (Figure 7). In contrast, DO gradients increased at both 
groundwater sites. At the shallow groundwater site, DO increased from 0.62 to 7.58 
mg/L (range = 0.62-9.0 mS/cm), while at the offshore groundwater site DO increased 
from 0.37 to 6.77 mg/L (range = 0.37-7.18 mS/cm) (Figure 8 ). Temperatures also 
increased as distance from groundwater source increased at both the shallow and offshore
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groundwater sites, with an increase from 10.30 to 11.85°C (range = 8.86-15.50 mS/em) at 
the shallow groundwater site and an increase from 9.11-9.50°C (range = 9.11-9.51 
mS/em) at the offshore groundwater site (Figure 9).
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Figure 7. The linear regression of specific conductance (mS/cm) relative to distance 
from the groundwater source at the (A) shallow water and (B) offshore groundwater 
sites.
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Figure 8 . The linear regression o f dissolved oxygen concentration (mg/L) relative to 
distance from the groundwater source at the (A) shallow water and (B) offshore groundwater 
sites.
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Figure 9. The linear regression of water temperature (°C) relative to distanee from the 
groundwater souree at the (A) shallow water and (B) offshore groundwater sites.
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When compared to physico-chemical variables from control sites, groundwater 
specific conductance, DO, and temperature data were significantly different. Mean 
specific conductance of shallow and offshore groundwater sites were both higher than 
control sites, while mean DO and temperature of shallow and offshore groundwater sites 
were both lower than control sites (Table 1, Figure 10).
Table 1. Two-way factorial ANOVA results for specific conductance, dissolved oxygen, 
and temperature of water at the groundwater and control sites.
Sonde Parameter Source Sum of Squares df F p-value
Specific Conductance 
(mS/cm)
Type 
Depth 
Type* Depth 
Error
17.173
0.354
0.217
1.195
1
1
1
37
531.513
10.950
6.724
< 0 . 0 0 1  
0 . 0 0 2  
0.014
Dissolved Oxygen 
(mg/L)
Type 
Depth 
Type* Depth 
Error
217.764
16.400
24.962
255.617
1
1
1
37
31.521
2.374
3.613
< 0 . 0 0 1
0.132
0.065
Temperature (°C)
Type
Depth
Type*Depth
Error
343.082
466.096
248.707
74.973
1
1
1
37
169.314
230.022
122.739
< 0 . 0 0 1  
< 0 . 0 0 1  
< 0 . 0 0 1
df-D egrees of freedom
bold text denotes significance at the a < 0.05 level
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Figure 10. Mean specific conductance, dissolved oxygen, and temperature data from 
groundwater and control sites.
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Nutrient Analyses
Groundwater from both shallow water and offshore groundwater sites had 
elevated concentrations of C f, S0 4 '^, NH 3 ', and DIC compared to water from control 
sites (Table 2). After pooling groundwater and control water nutrient values from both 
shallow and offshore sites, groundwater had significantly higher mean for C f (28 ± 6  vs. 
8  ± 1 mg/L, p = 0.006), S0 4 '^ (1128 ± 150 vs. 16 ± 4 mg/L, p = 0.006), N H f (0.04 ± 0.01 
vs. 0.01 ± 0.00 mg/L, p = 0.025), and DIC (42 ± 3 vs. 14 ± 3  mg/L, p = 0.008) 
concentrations than lake water.
Table 2. Pooled dissolved ion concentrations from groundwater and control sites.
Group Cf(m g/L) 8 0 4 ^'(mg/L) NH3- (mg/L) 
mean value ± standard deviation (n)
DIC (mg/L)
Groundwater
Control
p-value^
28 ± 6  (25)
8  ± 1 (2 ) 
0.006
1128 ± 150 (25) 0.04 ± 0.01 (24) 
16 ± 4  (2) 0.01 ±0.00 (2) 
0.006 0.025
42 ± 3  (21) 
14 ± 3  (4)" 
0.008
DIC -  dissolved inorganic carbon 
n -  sample size
a -  shallow samples (3) from data in Nold et al. (Submitted a) 
b -  p-values from non-parametic Mann-Whitney t-test
At the shallow groundwater site, inorganic nutrients decreased as distance from 
groundwater source increased. Chloride (Cf) decreased from 46-27 mg/L (range = 26.0, 
46.0), S0 4 '^ decreased from 1304-986 mg/L (range = 965, 1395), NH 3 ' decreased from 
0.05-0.01 mg/L (range = 0.01,0.05), and DIC decreased from 42-38 mg/L (range = 38, 
48) (Figure 11). Unfortunately, I could not accurately determine where divers collected 
groundwater from the offshore groundwater site because there was no accurate method to 
locate their sampling points, so I could not determine exactly how far the samples were 
taken from the groundwater source.
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Figure 11. Linear regression of CF, S0 4 '^, NHs', and dissolved inorganic carbon (DIC) 
relative to distance from the groundwater source o f water samples taken from the shallow 
groundwater site.
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Discussion
Physico-chemical Analysis
When compared to control sites, groundwater sites show similar patterns in 
specific conductance, DO, and temperature. Groundwater sites were characterized by an 
order of magnitude higher specific conductance, 4-7 mg/L lower DO, and decreased 
temperature (1 degree at the offshore sites, 14 degrees at the shallow sites). These 
differences are similar to those found by previous researchers in Alpena area groundwater 
(Moreau 1983) and in another groundwater vent sinkhole in this area (Ruberg et al. 2005, 
Biddanda et al. 2006), although the location of that vent was much deeper (e.g. -96  m 
versus -2  and 19 m). These researchers also observed larger differences in temperature, 
where groundwater was approximately 7°C and surrounding lake water was 
approximately 4°C. At my sites, groundwater was relatively stable at 9-lO°C, while lake 
water at control sites varied because of differences in depth and consequent differences in 
radiant heating. Presumably, differences in temperature would be more distinct during 
winter months, when groundwater temperature would remain relatively stable while the 
lake water would decrese considerably.
There were distinct gradients of specific conductance, DO, and temperature at 
both groundwater sites, with sharp increases in DO and decreases in specific conductance 
(although specific conductance at the offshore site was not statistically signficant) as 
distance from the groundwater source increased. Temperature also increased with 
distance at both sites, although the increase was greater at the shallow groundwater site, 
presumably because of radiant heating.
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The similar patterns in specific conductance, DO, and temperature at the two 
groundwater sites are interesting given the sites vary by an order of magnitude in size. 
The shallow groundwater site has a discharge of approximately 0.28 m^/s (unpublished 
data), and diver and researcher observations (Ruberg et al. 2008) suggest the discharge at 
the offshore groundwater site is several magnitudes greater than the shallow groundwater 
site. Thus, it appears that the gradients are not related to size of sinkhole zones or flow 
rate of groundwater vents, and the similarity in chemical composition implies a common 
Silurian-Devonian aquifer source. Groundwater at both sites seems to flow outward with 
minimal mixing with surrounding lake water. The shallow groundwater site has a 
narrow, shallow channel connection to Misery Bay in Lake Huron, preventing mixing 
with Lake Huron water. However, this is not the case at the offshore site and I thought I 
would eventually see a plateau in the specific conductance, DO, and temperature at this 
site. Instead, at a distance of about 250 m, groundwater variables never moved to the 
background levels I measured at the control site. According to Ruberg et al. (2008), the 
lens of groundwater seems to decrease in height from approximately 1.5 to 1 m at about 
0-60 m from the groundwater source, but it remains steady at about 0.75 m to a distance 
o f 225m from the groundwater source. Thus, it remains unknown exactly what the extent 
is o f this plume o f groundwater as it moves across the lake floor.
There are distinct boundaries in DO at both sites, as DO increased from 
approximately 2 to 6  mg/L around 8  m from the groundwater source at the shallow 
groundwater site and it increased at the offshore site from approximately 0.5-4 mg/L 25 
m from the groundwater source to 4-6 mg/L 80 m from the groundwater source. These 
distinct boundaries could possibly be due to the local geology and hydrology of the area.
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Since both of these groundwater areas are bowl-shaped structures, lake and groundwater 
may tend to mix more at the “mouth” of these bowls, which is approximately 8  m from 
the groundwater source at the shallow groundwater site (unpublished) and approximately 
80 m from the groundwater source at the offshore groundwater site (Ruberg et al. 2008). 
Nutrient Analyses
Although I was only able to obtain a distance regression from the shallow 
groundwater site, trends in inorganic nutrients were similar to the physico-chemical 
gradients, with strong decreases in Cl', S0 4 '^, NHs', and DIG as distance from the 
groundwater source increased. These nutrient gradients follow a similar decreasing trend 
with specific conductance, and they are presumably the ions that cause elevated specific 
conductance in groundwater. Moreover, there also appears to be distinct boundaries 
between 5-1 Om from the groundwater source, similar to the boundaries in the DO values, 
supporting the hypothesis that the groundwater does not mix with the surrounding water 
until it exits the “mouth” of the sinkhole system. Furthermore, the decrease in inorganic 
nutrients with distance is probably due to uptake by biological organisms as the 
groundwater flows from the source into the surrounding water. Indeed, direct 
measurements by epifluorescence microscopy of bacteria revealed that abundance 
increased by more than an order of magnitude as one goes from groundwater to lake 
water (50,000-700,000 cells/mL) at both the shallow and deep groundwater ecosystems 
(Biddanda, unpublished data). Moreover, Ruberg et al. (2008) and Biddanda et al. (2006) 
have both reported large growths of algal and bacterial mats surrounding these 
groundwater vents, and isotope chemistry shows close links between the venting 
groundwater and the surrounding ecosystem (Nold et al. Submitted a; Chapter 4). Thus,
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local biological activity is most likely dependent on a combination of available DO and 
inorganic nutrients (see below).
At both groundwater sites, the groundwater contained much higher concentrations 
of Cr, S0 4 ^', NH 3 ', and DIG when compared to the respective control sites. The 
differences between groundwater and lake water inorganic nutrients were similar to 
values reported by previous researchers in the area (Moreau 1983, Ruberg et al. 2005, 
Biddanda et al. 2006), indieating that the chemistry of the groundwater is most likely 
fairly stable over time. Furthermore, other researehers report coneentrations of C f 
(Weiler 1988), S0 4 ‘^, NH 3 ' (Munawar et al 1988), and DIG in the Lake Huron basin that 
were similar to my control values. The elevated levels of Gf and S0 4 ‘^ seem to be from 
the Detroit River Group evaporites of gypsum (GaS0 4 ) and salt (NaGl) that are described 
by Blaek (1983) and Moreau (1983). Groundwater flow most likely results in the 
dissolution of these minerals that then beeome suspended in solution. The souree of 
elevated levels of NH 3 ' and DIG are less easily determined, although they are possibly 
linked to bacterial respiration in the groundwater system (Ghapelle 1993; Brock et al. 
1994). As surface water flows into the groundwater system, aerobic bacterial respiration 
would preferentially remove oxygen and this would break down any dissolved organic 
carbon into DIG. Moreover, anaerobie baeterial respiration could then become dominant, 
eontinuing to break down organie earbon into DIG and also produeing NH 3 from surface 
water nitrates and N 2  gas through mierobial nitrogen fixation (Fenehel et al. 1998). 
Ecosystem Implications
The groundwater vents show distinet gradients in their physical and chemical 
conditions, causing significant habitat heterogeneity in the eeosystems. Although similar
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groundwater vents are not well reported in the scientific literature, it appears that these 
vents may function similarly to hydrothermal vents, whereby physico-chemically unique 
venting water resists mixing with the surrounding lake water, creating environmental 
conditions that allow the success of unique flora and fauna (Biddanda et al. 2009).
Hydrothermal vent research in both marine and freshwater have shown the 
presence of high temperature water that is rich in inorganic constituents such as H2 S 
(Jannasch and Mottl 1985, Sievert 1999), S0 4 '^ (Dymond et al. 1989), Cl' (Dymond et al. 
1989), and other nutrients (see Von Damm, 1990 for a review). However, most 
hydrothermal vents are characterized by depleted SOq^ and elevated H2 S concentrations, 
whereas the Lake Huron groundwater systems seem to have extremely elevated levels of 
S0 4 '^ and undetectable levels of H2 S (Biddanda and Kendall, pers. comm.). 
Nevertheless, the unique chemical gradients surrounding hydrothermal vent systems 
create fringe zones (ecotones) with mixing vent and surrounding water and unique 
ecosystems filled with atypical prokaryotic and eukaryotic species (Baross and Hoffinan 
1985, Dymond et al. 1989, Sievert et al. 1999, Luther et al. 2001).
The shallow groundwater vents in Lake Huron seem to operate in a similar 
fashion where the physico-chemically distinct intruding groundwater flows at depth with 
minimal mixing with the surrounding lake water. Environmental gradients of DO, 
temperature, and nutrients are created that can create large fringe zones on the lake floor. 
The work of other researchers (Biddanda et al. 2006, Ruberg et al. 2008, Nold et al. 
Submitted b) has shown the presence of sinkhole specific Bacteria, Archaea, and 
Eukarya (including protozoa, nematodes, arthropods, and tardigrades) surrounding these 
vents, suggesting that venting groundwater drives these fringe ecosystems.
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There are still many questions to be answered to give a better perspective on the 
role of these vents at the ecosystem level. The extent of groundwater flow along the lake 
bottom is still yet to be determined, as is the discharge from these areas. Furthermore, 
the entire northern half o f the Lake Huron and Lake Michigan basin is underlain by 
carbonate rock, suggesting that there may be many more of these systems across the 
basin. As investigation of this area moves forward, researchers may find that they are 
much more prevalent than originally thought (much like marine hydrothermal vents and 
submarine groundwater discharge) and the total discharge may have an effect on not only 
the community composition and food web linkages but also the water quality and nutrient 
budgets for these systems.
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CHAPTER III
ABUNDANCE AND DISTRIBUTION OF PLANKTON, 
MACROINVERTEBRATE, AND FISH IN AND AROUND SUBMERGED 
SINKHOLE ECOSYSTEMS IN LAKE HURON
Abstract
Researchers recently explored several submerged sinkhole groundwater vents in 
Lake Huron near Alpena, Michigan. These vents are sites of emerging groundwater that 
is significantly different from surrounding lake water in both chemical and physical 
properties. My objective was to study the upper trophic levels surrounding two of these 
vents, one shallow wetland embayment and a deeper offshore site. Using a combination 
of standard water column and benthic sampling techniques, I examined the density, 
distribution, and composition of plankton, benthic macroinvertebrate, and fish 
communities in relation to the distance from groundwater source and in comparison to 
nearby lake water reference sites. Groundwater sites had different communities of 
macroinvertebrates, primarily composed o f low oxygen tolerant species (gastropods, 
oligochaetes, and chironomids). Moreover, groundwater sites had different densities of 
macroinvertebrates (shallow: 1500/m^ versus 500/m^, offshore: 1600/m^ versus 4600/m^) 
and lower catch per unit effort of fish (shallow: 0.03 vs. 0.13 fish/trap-hour; offshore: 
0.32 vs. 0.70) when compared to control sites. Comparisons o f weight-length 
relationship o f offshore fish populations o f round gobies (Neogobius melastonoma) 
revealed that gobies at groundwater sites had higher growth parameters than gobies from 
the lake water control site and the perimeter control sites. From the data, it appears that 
the low-oxygen, high conductivity, and thermally stable groundwater that flows from
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these sinkhole vents shapes community composition, density, and condition of higher 
level benthic communities in these areas.
Introduction
Recently, a series of sinkhole groundwater vents have been discovered in Lake 
Huron and identified as hotspots of enhanced biological production (Biddanda et al.
2006, 2009; Ruberg et al. 2005, 2008). These vents are the product of natural dissolution 
of the Silurian-Devonian bedrock that is composed primarily of carbonates and 
evaporites (Black, 1983). As the bedrock dissolves, large caverns and sinkholes are 
created, some of which eventually collapse and become conduits for groundwater flow 
both into and out of the local aquifer.
Preliminary results indicate that the submerged sinkhole ecosystems have 
distinctly different groundwater chemistry (elevated levels of SO4, Cl, and dissolved 
inorganic carbon but extremely low dissolved oxygen [DO]) and physical properties 
(lower temperature, higher specific conductance) in comparison to surrounding lake 
water (Biddanda et al 2006, Ruberg et al 2008). Moreover, because of the differences in 
the physico-chemical properties, the relatively denser groundwater from the vents hugs 
the lake bottom as it flows, with minimal mixing with surrounding lake water (Rtiberg et 
al. 2008). This creates distinct gradients of physico-chemical conditions over the benthos 
where environmental conditions are drastically different from the surrounding and 
overlying lake environment (Chapter 1).
The steep environmental gradients of these vents make them very similar to 
marine hydrothermal vent ecosystems (Corliss 1979, Von Damm 1990), although the 
intruding water is not magma-heated. Marine hydrothermal vents have been shown to
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have unique ecosystems that rely on chemosynthetic bacteria as a source o f energy for 
upper-level trophic levels (Luther et al. 2001, Bergquist et al. 2004, Bates et al. 2005). 
Moreover, it appears that the physiology and habitat selection of these upper-level 
organisms are dictated by the dynamic environmental conditions that occur in these areas 
(Sarrazin et al. 1999, Luther et al. 2001, Bergquist et al. 2004, Bates et al. 2005). Thus, 
hydrothermal vent ecosystems may be analogues to groundwater vents in Lake Huron.
The chemical conditions surrounding the groundwater vents in Lake Huron foster 
the expansive growth of cyanobacterial and algal mats (Ruberg et al 2008). Furthermore, . 
groundwater vents are characterized by thick, organic-rich sediments, with evidence that 
the majority of the surrounding carbon production may be retained in local sediments 
(Nold et al. Submitted a). Biddanda et al. (2006) reported elevated levels of bacterial 
production and evidence for chemosynthesis in a deeper groundwater vent (-100 m), 
while ribosomal DNA data indicates that a shallower sinkhole vent (-25 m) is home to a 
variety of Bacteria, Archea, and Eukarya (Nold et al. Submitted b). Ruberg et al. (2008) 
also report the presence o f nematodes interlaced within the cyanobacterial mats that grow 
around one of the groundwater vents. These areas have combinations of environmental 
conditions and bacterial and algal production that create biogeochemical hot-spots 
(McClain et al. 2003; Biddanda et al. 2009).
All ecological work to date on these groundwater vents has focused on microbial 
communities, production, and carbon cycling. In contrast, the purpose of this project was 
to study the upper-level communities surrounding groundwater vents. My specific 
objectives were to: (1) determine relative abundances of plankton, benthic 
macroinvertebrates, and fish surrounding vents, (2) examine distribution patterns of
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plankton, benthic macroinvertebrates, and fish along a spatial gradient moving away from 
the groundwater souree, and (3) describe community composition of benthic
macroinvertebrates and fish at vent sites. I hypothesized that the combination of
I
abundant cyanobacterial and algal production surrounding groundwater vents would 
create dense localized communities of benthic macroinvertebrates and fish, although they 
may be limited by low DO of the intruding groundwater.
Methods
Study Site
The Alpena, Michigan area is underlain by Silurian-Devonian bedrock composed 
of limestone (CaCOs) and dolomite (CaMg(C0 3 )2 ) carbonates (Blaek 1983 , Olcott 1992). 
These layers of bedrock are interlain with gypsum (CaS0 4 ) and salt (NaCl) evaporite 
deposits from the Detroit River Group (Blaek 1983, Moreau 1983). Previous work by 
Blaek (1983) and Moreau (1983) indicated numerous sources of groundwater intrusion in 
this area, as well as several sources of groundwater exiting from the bedrock in the form 
of both onshore and offshore springs and seeps. More recently, researehers have 
pinpointed locations of offshore groundwater flow from the bedrock directly into Lake 
Huron (Ruberg et al. 2005, 2008; Biddanda et al. 2006, 2009).
I conducted field research from May to August 2007 at two groundwater sites: a 
shallow (1-3 m) groundwater spring complex in the El Cajon embayment along the coast 
of Lake Huron (17N 0317083 m E, 4994904 m N) and a deeper (14-23 m), bowl shaped 
collapse along the northeastern edge of Middle Island in Lake Huron (17N 0317208 m E, 
5007627 m N) (Figure 6). At each groundwater site, I collected plankton, benthic 
macroinvertebrates, and fish along three transects originating at the site of groundwater
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intrusion and following randomly selected compass bearings (Figure 12). 1 determined 
the distanee of each sampling point from the groundwater souree using a tape at the 
shallow groundwater site and using the measuring tool in ArcView 3.3 (ESRI, Redlands, 
CA) for the offshore groundwater points.
Figure 12. Sampling scheme at the (A) shallow groundwater site and eonceptual 
sampling setup at the (B) offshore groundwater site beside Middle Island. Sampling 
occurred along transeets following randomly selected compass bearings.
The data collected at these groundwater sites was compared to reference sites that 
were similar in surfaee hydrology and depth, but lacked any groundwater input. To 
determine the presenee or absence of groundwater input at the control sites, I measured 
specific conductance (mS/em); if  the specific conductance at a possible eontrol site was 
eonsistehtly similar to background levels of Lake Huron, 1 considered the site as a valid 
control. After a series o f several attempts in the region, 1 found two satisfactory control 
sites: Squaw Bay (the control for El Cajon), a shallow embayment (1-2 m) south of 
Alpena, Michigan (17N 0306454 m E, 4986394 m N), and northeast of Middle Island 
(17N 0317736 m E, 5007412 m N) (Figure 6). Since the groundwater vent at this site is
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approximately 100 m offshore of Middle Island, I also sampled fish from nine sites 
surrounding the perimeter of Middle Island in areas that ranged in depth from 3-20 m. 
Plankton
Plankton were collected using a 20-pm nitex plankton net with a 20.3 cm mouth 
(Wildlife Supply Company, Buffalo, NY). Because of the insufficient depth at shallow 
water sites, I collected approximately 36 L of water and poured it through the plankton 
net to collect the plankton samples. At offshore sites, I collected plankton from 20 m 
deep vertical tows, which filtered -1460 L of water at each sampling point. Plankton 
were preserved with a mixture o f Lugol’s iodine solution and 95% ETOH and stored in 
dark bottles. In the laboratory, plankton samples were filtered onto muffled Whatman 
GF/F 0.45 pm filters. After filtering, I dried samples at 60° C for 48 hours, followed by 
combustion at 450° C for 4 hours. To determine the ash-free dry mass (AFDM), 
representing plankton biomass, I weighed the initial filters, weighed the dried samples 
and filters together to determine the dry mass, and weighed the final filters and ash 
material to determine the AFDM.
Macroinvertebrates
We sampled benthic macroinvertebrates at all sites using a petite ponar (Wildlife 
Supply Company, Buffalo, NY) with a total sampling area o f 231 cm^. After collection, 
samples were rinsed on a 500-pm sieve (Fisher Scientific #35), according to sampling 
protocol for benthic macroinvertebrates (APHA, 1996). Samples were preserved in 95% 
ETOH until identification and processing in the laboratory. Macroinvertebrates were 
identified to family or order, and bulk samples from each sampling point were filtered
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onto muffled Whatman GF/F 0.45 |am filters to determine AFDM (see above). I also 
determined the density o f macroinvertebrates (#/m^) at each sampling point.
Fish
We sampled fish using minnow traps with 0.32-cm mesh and a 2.54-cm diameter 
mouth. Traps were set for 15-40 h, and all traps were baited with approximately 100 g of 
chicken livers. I identified each individual to species following Hubbs et al. (2004) and 
measured its length (to 0.1 cm) and weight (to 0.1 g).
Statistical Analysis
I performed simple linear regressions o f density versus distance from the 
groundwater source for both plankton (AFDM) and benthic macroinvertebrates (#/m^). 
The significance o f each regression was assessed by whether the slope was significantly 
different from zero (Ho: P = 0 against Ha: P ^  0). I also compared the mean densities of 
plankton and macroinvertebrates at groundwater sites versus lake water control sites 
using t-tests. For macroinvertebrates, I analyzed the community composition between 
groundwater and lake water sites, calculating Simpson’s indices o f (1) diversity and (2) 
evenness (Simpson 1949) :
i= \
where D is the diversity index, S is the total number of taxonomic units in the 
community, p, is the proportion of taxonomic unit i to the total number in the community, 
Ed is the evenness index, and Dmax is the maximum number of taxonomic units that 
could occur in the community (if there was only one of every taxonomic unit, so it is the 
total number of individuals sampled).
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For fish data, I performed regressions of fish density (catch per unit of effort: 
CPUE) versus distance from the groundwater source at groundwater sites. The 
significance of each regression was assessed by whether the slope was significantly 
different from zero (Ho: P = 0 against Ha: P 9^  0). I also used a t-test to compare mean 
density of fish (CPUE) between shallow groundwater and lake water sites. For offshore 
fish density, I used an ANOVA analysis with a Bonferonni post-hoc comparison to 
compared mean density of fish. I compared the three offshore sites I sampled: offshore 
groundwater site, offshore lake water control, and perimeter sites of Middle Island 
outside the area of groundwater flow. I also analyzed the community composition of fish 
at the shallow sites, calculating Simpson’s indices of diversity and evenness (see above).
I did not analyze the community composition of offshore sites because all fish except for 
one were the same species. However, because o f the homogeneous fish community at the 
offshore sites, I was able to calculate weight-length relationships at each site. The 
measured lengths and weights of fish collected were log transformed and the resulting 
linear relationship fitted by linear regression using weight as the dependent variable. I 
was able to calculate weight-length relationships for each site from the equations of the 
regression lines of the log transformed data:
l o g i o  ( ^ )  =  l o g i o  ( a )  +  è  X l o g i o  { L ) ,
where W  is weight of a fish, L is total length, and a and b are parameters. The 
significance o f each regression was assessed by whether the slope was significantly 
different from zero (Ho: P = 0 against Ha: P 9^  0). I used analysis o f covariance 
(ANCOVA) to test for a difference in slopes of weight-length relationships at the three
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sites (as indicated by a significant interaction term). All statistical analyses were 
conducted using SPSS 14.0 (SPSS, Inc., Chicago, IL).
Results
Plankton
We collected 39 plankton samples, with 10 samples collected at each site except 
for the offshore groundwater site where I collected 9 samples. At the shallow 
groundwater site, biomass (AFDM) tended to decrease versus distance from the 
groundwater source, while at the offshore groundwater site there was a slight increase in 
AFDM versus distance; however, neither o f these trends were significant (Figure 13). 
The mean AFDM at the shallow groundwater site was not statistically different than that 
of the shallow lake water site (p = 0.571), but the mean AFDM at the offshore 
groundwater site was significantly (p = 0.007) less than the AFDM at the offshore lake 
water site (Table 3).
Table 3. Ash-free dry mass (AFDM) of plankton at the shallow and offshore 
groundwater and lake water control sites.
Site Mean AFDM (pg/L) ± SD
Shallow Groundwater 1483± 1368
Shallow Lake water 1213 ±526
Offshore Groundwater 4 ± 2
Offshore Lake water 8 ± 3
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Figure 13. Linear regressions of plankton ash-free dry mass (AFDM) from (A)
shallow and (B) offshore groundwater sites.
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Macroinvertebrates
We collected 1,802 macroinvertebrates at the four sampling sites (10 samples 
from each site), from a total of 15 different lowest taxonomic units (LTU). All sites had 
relatively low measurements of diversity and evenness according to Simpson’s index, 
although the shallow lake water site had the highest diversity and evenness (Table 4).
The community composition of each site based on the most common invertebrates 
sampled (Oligochaeta, Chironomidae, Nematode, and Gastropoda) showed distinct 
differences based on the presence or absence of groundwater (Figure 14).
We were not able to accurately determine the biomass (AFDM) of the majority of 
the samples due to extremely low dry weight values because of the types of 
macroinvertebrates collected. However, there were differences in the density (#/m^) of 
macroinvertebrates among sites (Figure 15). The shallow groundwater site had a higher 
density than the lake water site (1573 ± 702 v s .  513 ± 276; p < 0.001), while the offshore 
groundwater site had a lower density than the lake water site (1662 ± 3117 vs. 4650 ± 
2423; p = 0.038). I did not detect any significant correlations between distance from 
groundwater source and density at either the shallow (R^ = 0.027, p-value = 0.672) or 
offshore (R^ = 0.085, p = 0.445) groundwater sites.
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Table 4. Macroinvertebrate diversity data from shallow and offshore groundwater and 
control sites.
Site TotalNumber
Total
LTU's
Simpson's
Diversity
Simpson's
Evenness
Lowest 
Taxonomic Unit 
(LTU)
N
Shallow Groundwater 365 6 1.98 0.01 Oligochaeta 139
Chironomidae 2
Nematoda 2
Gastropoda 219
Ceratopogonidae 2
Hydrophillidae 1
Shallow Lake water 119 9 3.23 0.03 Oligochaeta 57
Chironomidae 15
Nematoda 24
Gastropoda 0
Ceratopogonidae 18
Elmidae 1
Hirudinea 2
Caenidae 1
Leptoceridae 1
Offshore Groundwater 347 11 2.01 0.01 Oligochaeta 113
Chironomidae 217
Nematoda 0
Asellidae 5
Baetiscidae 1
Caenidae 1
Pontoporeiidae 5
Bosminidae 2
Offshore Lake water 971 5 1.88 <0.01 Uniodeia 1
Unidentified 1
Oligochaeta 675
Chironomidae 183
Nematoda 112
Gastropoda 0
n -  number
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Shallow Groundwater Shallow Lake-water
0 .82%
38 .08%
60 .0%
0 .55%
0 .55%
19 .33%
20 .17%
12 .61%
Offshore Groundwater Offshore Lake-water
0 .29%
62 .54%
11 .53%
V77777,
18 .85%
69 .52%
Oligochaeta 
Chironomidae 
Nematoda 
Gastropoda 
O  Other
Figure 14. The macroinvertebrate community composition o f the four sampling sites.
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Figure 15. Mean macroinvertebrate density o f the four sampling sites. Error bars 
represent ± 1 standard error.
Fish
Fish CPUE at both the shallow and offshore groundwater sites showed no 
significant trends with respeet to distance from groundwater source (Figure 16). 
However, both groundwater sites had less CPUE than their respeetive eontrol sites 
(Figure 17). The shallow groundwater site had 0.03 ± 0.02 fish/trap-hour (mean ± 1 SE) 
CPUE compared to 0.13 ± 0.03 fish/trap-hour at the shallow lake water site (p = 0.018), 
while the offshore groundwater site (0.32 ±0.13 fish/trap-hour)) was less (although not 
significantly) than both the lake water control (0.65 ± 0.22 fish/trap-hour, p = 0.657) and 
the perimeter sites (0.75 ± 0.66 fish/trap-hour, p = 0.12).
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Figure 16. Linear regressions of fish catch per unit effort (CPUE) for both the (A) 
shallow and (B) offshore groundwater sites.
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Figure 17. Mean catch per unit of effort (CPUE) of fish at all five sampling sites. 
Error bars represent ± 1 standard error.
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Community composition of fish at the shallow sites was quite different, with 
higher indices of diversity and evenness at the shallow groundwater site (Table 5). 
Community composition at the offshore sites was quite uniform, with round gobies 
(Neogobius melanostomus) compromising 98.3% of the community at the offshore 
groundwater site (56/57) and 100% of the community at the lake water (159/159) and 
perimeter (115/115) control sites.
Table 5. Fish diversity data from the shallow groundwater and control sites.
Site Total#
Simpson's
Diversity
Simpson's
Evenness
Common Name (Latin 
Name) Number
Shallow Groundwater 5 2.54 0.51 Brook Stickleback {Culaea inconstans)
Round Goby {Neogobius 
melanostomus') 
Central Mudminnow
3
1
1{Umbra limi)
Shallow Lake water 2 1.24 0.06 Spottail Shiner {Notropis hudsonius)
Round Goby {Neogobius 
melanostomus)
18
2
Note: The fish community at the offshore sites was 99.4% round gobies, so I was not able to compare 
diversity or evenness through Simpson’s indices.
The round goby populations at the offshore groundwater site had a higher mean 
length (cm) and mean weight (g) (Table 6) than both the control and perimeter sites, 
although neither of these differences were significant (control: p = 0.547, perimeter: p = 
0.400). Regressions of the log transformed weight-length data were highly correlated and 
significant for each site (Table 6, Figure 18). Moreover, ANCOVA analysis revealed that 
there were significant differences (p = 0.002) between the weight-length relationships at 
the three sites (Table 7), which gave different weight-length relationships for each site 
(Table 6).
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Figure 18. Linear regressions of log transformed weight-length relationships for round 
gobies at the groundwater, lake water control, and perimeter control sites.
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Table 6. Weight-length relationships for round goby populations at three offshore sites.
Site
n
Mean ± 1 SE 
Length (cm)
Length
Range
Mean ± 1 SE 
Weight (g)
Weight
Range
a b SE 6 Weight-LengthFormula
R2 p-value
Offshore
Groundwater 56 8.0 ± 0.2 (5.2,13.5) 7.9 ±1.0 (2.5,42.3) 0.009 3.2 0.099 w=o.mL^ -^ 0.95 <0.001
Offshore
Perimeter 115 7.6 ± 0.2 (4.5,15.9) 7.7 ±0.8 (1.2,58.4) 0.013 3.0 0.038 0.98 <0.001
Offshore Lake 
water 159
7.6 ±0.1 (5.5,13) 5.5 ±0.2 (1.7,26.6) 0.018 2.8 0.077 lE=0.018i2« 0.89 <0.001
SE -  standard error 
n -  sample size
a, b -  parameters o f  the weight-length relationship
Table 7. Model descriptors for ANCOVA analysis of round goby weight-length 
relationships at three offshore sites.
Term® , Sum of Squares Degrees of Freedom F p-value
Overall Model 20.605 5 1,3B6.496 <0.001
Site” 0.027 - 2 4.516 0.012
LogioLength 16.537 1 5,563.847 <0.001
Site*LogioLength 0.039 2 6.595 0.002
Error 0.963 324
a -  dependent variable: logioweight, independent variable: site, covariate: logiolength 
b -  sites were offshore groundwater, offshore control, offshore perimeter
Discussion
My results suggest that local benthic communities of fish and macroinvertebrates 
in Lake Huron are different from control sites, which may be due to the unique 
environmental conditions at groundwater vents. I observed differences in density and 
community composition of both macroinvertebrates and fish at groundwater sites when 
compared with lake water control sites.
I did not detect any overall trends in plankton biomass, either in relation to 
distance from groundwater source at the groundwater sites or between groundwater and 
lake water sites. Plankton biomass at shallow water sites was several orders of 
magnitude higher than offshore sites, however, this is probably not related to 
groundwater intrusion. Previous studies have found higher phytoplankton and 
zooplankton densities in shallow embayments of the Great Lakes when compared to 
offshore areas (Gray 1987, Hall et al. 2003). Azov (1986) observed similar patterns in 
the Mediterranean Sea, where a nearshore sampling site had higher phytoplankton 
abundance, measured by chlorophyll a concentrations, over the entire year. In general,
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coastal water supports higher planktonic biomass than offshore areas in both freshwater 
and marine systems (Kalf 2002 p. 592, Kaiser et al. 2005 p. 557). The offshore 
groundwater site also had lower AFDM when compared to the offshore lake water site. 
Here, the sinkhole near Middle Island has less biomass than the offshore control site. I 
selected the control site because both depth and bottom substrate were similar to the 
offshore groundwater site; however, because it is in open water, it may affect the 
plankton density due to northwest winds that stimulate resuspension and upwelling in 
this region (Ruberg et al. 2008), which results in more plankton production (Schelske et 
al. 1995).
Trends in macroinvertebrate density between groundwater and lake water sites 
were conflicting. The shallow groundwater site had higher density o f macroinvertebrates 
while the offshore groundwater site had lower overall density when compared to their 
respective lake water sites. This could be related to overall production differences at the 
two groundwater sites. The shallow groundwater site is a relatively isolated embayment 
that is almost all groundwater, which creates a well-mixed, thermally stable environment. 
Furthermore, the embayment is relatively shallow (mainly 1-3 m in depth with some 
areas o f deeper sinkholes), and the sediment is dominated by fine, organic-rich silt 
(Sanders and Biddanda, pers. obs). Because o f this, there were large beds of Chara sp. 
that grow in the area, as well as large stands of emergent vegetation like Schoenoplectus 
sp. In comparison, the shallow lake water site had large stands of Schoenoplectus sp. and 
some Potamogeton sp., but it lacked the large mats of Chara sp. Moreover, the shallow 
lake water site was typical o f wetlands in the upper Great Lakes (Lougheed et al. 2001), 
characterized by emergent vegetation with a high proportion of inorganic sediment
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(Sanders and Biddanda, pers! obs.). Conversely, at the offshore sites there are similar 
densities o f benthic algae available as a food source. The offshore groundwater site had 
extensive benthic mats o f cyanobacteria and algae that cover the benthos (Ruberg et al. 
2008). However, the offshore lake water site that I used as a comparison was at a similar 
depth to the groundwater site, and divers report that there were also dense mats of 
photosynthetic benthic algae. Thus, the shallow groundwater site may relatively greater 
available food sources, while the offshore groundwater site may have a relatively equal 
amount of food sources. These relative differences could cause the conflicting trends we 
observed in macroinvertebrate abundance at shallow and offshore sites.
Differences in macroinvertebrate density could also be affected by concentrations 
o f dissolved oxygen. Recent research indicates that dissolved oxygen concentrations are 
extremely low (< 1 mg/L) in the intruding groundwater (Ruberg et al 2008, Chapter II), 
and that it may increase more quickly at the shallow groundwater site due to rapid 
aeration (Chapter II). Conversely, at the deeper groundwater site, groundwater hugs the 
bottom of the lake floor constantly blanketing the benthos with low DO water (Ruberg et 
al. 2008). Kolar and Rahel (1993) examined the effect of DO concentration on activity 
and survival of several macroinvertebrate species in experimental chambers mimicking 
benthic hypoxia conditions, observing that both declined as dissolved DO decreased. 
Thus, the offshore groundwater site may have reduced densities of macroinvertebrates 
because of lower DO concentration, while at the shallow groundwater site turbulent 
mixing with overlying water and the atmosphere tended to increase DO concentration and 
allow greater survival of invertebrate communities.
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Macroinvertebrate community composition also differed between groundwater 
and lake water sites and among groundwater sites. The shallow lake water site was 
composed mainly o f low DO taxonomic groups, including oligochaetes, chironomids, 
and nematodes (Brinkhurst and Gelder 2001, Hershey and Lamberti 2001, Poinar 2001). 
In contrast, the shallow groundwater site was dominated by gastropods (mainly 
pulmonata such as Lymnaeidae, Physidae, and Planorbidae). Gastropods, and especially 
pulmonates, are adaptive to low-oxygen environments through a combination of surface 
breathing and anaerobic metabolism (Brown 1991). Moreover, they are prolific grazers, 
especially of periphyton and diatoms (Brown 1991). The dense mats of Chara sp. at the 
shallow groundwater site may provide ideal growth substrates for epiphytic diatoms, 
which in combination with the relatively cold, low DO groundwater seems to create an 
ideal habitat for gastropods. The offshore groundwater and lake water sites were 
composed primarily of the same taxonomic groups, oligochaetes and Chironomidae. 
However, the groundwater site had mainly Chironomidae (63%) while the lake water site 
had mainly oligochaetes (70%). This difference could be related to bottom sediment 
because the groundwater site had very fine, soft sediment rich in organic matter (Nold et 
al. Submitted a), while the lake water site had coarser inorganic sediments (Sanders and 
Biddanda, pers. obs.). The organic-rich fine sediment at the groundwater site may be an 
ideal habitat for Chironomidae as most chironomids are burrowers (Cummins and Merritt 
1996), while the coarser sediment of the lake water site may be more suitable to colonies 
of oligochaetes that can live within the benthic algae and interstices of the sediment 
(Brinkhurst and Gelder 2001).
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Densities of fish at both groundwater sites showed similar trends when compared 
to their respective lake water controls. Both groundwater sites had lower densities of fish 
as measured by CPUE, although not significantly different at the offshore sites. 
Presumably, this is related to the adverse environmental conditions produced by intruding 
groundwater (Ruberg et al. 2008, Chapter II). Although it varies among species, most 
cool-water fishes prefer water with DO around 6.4 mg/L (Barton 2007). The low DO 
environment of the groundwater vents could create unsuitable habitat, even though there 
is an abundance of production and there can be elevated densities of macroinvertebrates. 
Temperature could also affect the relative densities of fish. Intruding groundwater is 
approximately 9° C (Chapter II), which is less than that of the lake water during the warm 
summer season when I sampled fish.
Unique environmental conditions of intruding groundwater also affected 
community composition at groundwater sites. The shallow groundwater site was 
composed of fish that were indicative of bog ponds, where water conditions are usually 
low in DO and somewhat acidic (Hubbs et al. 2004). In comparison, the shallow lake 
water community was dominated by spottail shiners, which are characteristic of the 
shallow protected embayments of the Great Lakes (Hubbs et al. 2004). At offshore sites, 
the majority of fish were round gobies, which are an invasive species to the Great Lakes 
that are adaptive to a wide range o f temperatures, oxygen concentrations, and salinities 
(Jude et al. 1992, Charlebois 2001). The extreme environmental conditions of the 
groundwater vent area do not seem to prevent colonization by round gobies, although 
their densities are measurably decreased in this area.
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Comparison of round goby populations at the three offshore sites offers insight 
into the effect that groundwater vents may have on habitat selection and competition 
surrounding these areas. There were no significant differences in mean length or weight 
o f round gobies at the offshore groundwater site compared to lake water control and 
perimeter control fish. However, weight-length relationships of the three sites differed, 
with the highest b parameter at the groundwater site, followed by the perimeter site and 
control site. The parameter b in the weight-length equation is often used as an index of 
health or condition, as parameter values > 3 indicate a population where fish become 
more rotund as length increases while values < 3 indicate a population where fish become 
less rotund with increasing length (Murphy and Willis 1996). It seems that the fish at the 
offshore groundwater site are in better condition than those at the lake water sites, which 
may result from abundant foraging opportunities in the area or more stable water 
temperature due to the influx of groundwater. Round gobies prefer rocky substrate (Jude 
et al. 1992, Ray and Corkum 2001), and the nearshore perimeter areas of Middle Island 
are mostly rocky substrate, while the area surrounding the groundwater vent is mainly 
composed of fine sediment (pers. obs.). Thus, more competitive or healthier fish may 
actually trade less suitable substrate and lower dissolved oxygen concentrations for more 
opportunities for food or more stable temperature regimes. It appears that these 
differences in habitat and environmental conditions may affect the local distribution of 
round gobies and their competition for resources. At this point, it is unclear whether 
larger round gobies move into the groundwater habitat as they grow and competitively 
exclude smaller fish, or if  gobies in that habitat become larger due to more abundant 
foraging opportunities.
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Interestingly, I did not observe any differences in density of organisms in relation 
to distance from groundwater source. I hypothesized that these groundwater vent 
ecosystems may act similarly to hydrothermal vents, where organisms are distributed 
along a longitudinal gradient as chemically and thermally altered water radiates out away 
from the vents (Sarrazin et al. 1999). While, I did see low densities of some benthic 
organisms immediately adjacent to the groundwater source (presumably because of DO 
concentrations < 1 mg/L), there did not appear to be distinct gradients. Nevertheless, 
there were some commonalities and patterns of organisms surrounding the groundwater 
vents, and they may function similarly to hydrothermal vents of deep oceans. While my 
study could not discern a gradual gradient in abundance of organisms along the 
groundwater gradient, my results revealed low densities of some benthic organisms in 
close proximity to groundwater sources. Moreover, the prevailing condition of high 
benthic primary production and low DO appears to select for specific benthic 
invertebrates and fish groups over others. Thus, abundance and distribution o f life 
around submerged sinkholes may have much in common with those of hydrothermal 
vents, cold seeps, and other extreme environments and ecotones.
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CHAPTER IV
STABLE ISOTOPE ANALYSIS OF SUBMERGED SINKHOLE 
COMMUNITIES IN LAKE HURON, MICHIGAN
Abstract
Groundwater flow may be an important source of nutrients and energy to 
aquatic ecosystems; however, quantifying inputs and tracing pathways can be 
challenging. A series of submerged groundwater vents in Lake Huron offered an 
opportunity to examine how groundwater input may be linked to aquatic food webs 
using stable isotope analyses. I collected samples of key food web components from 
groundwater vent and control lake habitats from May to August (2007 and 2008) and 
analyzed them for and ^^S. There were no patterns in values between
groundwater and control sites. Furthermore, pelagic components (plankton, 
planktivorous and piscivorous fish) of both groundwater and control environments 
were similar in and values. However, lower trophic levels of groundwater 
and reference habitats exhibited distinct C and S isotope separation. Groundwater 
was depleted in but enriched in relative to lake water, with mean Ô^^C-DIC 
and Ô '^^S-DIS differenees between groundwater and reference sites of 3.9%o and 
12.0%o, respectively. Benthic primary producers, maeroinvertebrates, and 
benthivorous fish had 9.5%o, 4.4%o, and 3.4%o lower values in groundwater 
environments, respectively. Benthivorous fish were 2.5%o lower in at 
groundwater sites compared to lake water sites, while planktivorous fish and 
piscivorous fish were only 0.2%o and 1.3%o lower, respectively. My findings suggest
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distinct benthic metazoan communities in the Laurentian Great Lakes can be linked to 
groundwater vents via production o f benthic microbial mats composed of sinkhole 
specific cyanobacteria.
Introduction
The importance of groundwater flow as a source o f nutrients and energy to 
aquatic ecosystems is not well understood, as most aquatic nutrient research has 
focused on the transport of terrestrial nutrients via runoff and river discharge. 
Research has shown that groundwater flow and the transport of nutrients into 
nearshore marine waters is more significant and widespread than originally thought 
(Johannes 1980, Church 1996, Moore 1996, Burnett et al. 2003, Slomp and Van 
Cappellen 2004). Although the flow rate is limited in magnitude, submarine 
groundwater discharge (SGD) can have increased concentrations of nutrients with 
respect to surrounding nearshore marine water (Capone and Bautista 1985, Valiela et 
al. 1990, Slomp and Van Cappellen 2004). Thus, groundwater may be an important 
source of nutrients for nearshore coastal waters. Freshwater research on groundwater 
discharge has shown similar relationships to those indicated by marine research (Loeb 
and Goldman 1979; Brock et al. 1982, Hagerthey and Kerfoot 1998, Shaw and Prepas 
1990).
Groundwater discharge is more prevalent in areas of high porosity, such as 
carbonate and evaporite terrains. These geologic sediment materials are dissolved 
through chemical weathering to produce unique terrain features such as sinkholes and 
other karst topography (Jennings 1989). Groundwater flow through these dissolution 
conduits creates large aquifers in the carbonate bedrock, and sinkholes serve as the
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points o f groundwater entry and exit (Ford and Williams 1985). On land, surface 
runoff collects inorganic nutrients from erosion/weathering and organic nutrients 
from decomposition that enter the groundwater system.
Tracing nutrient and energy flow through food webs to understand the trophic 
interactions o f ecosystems is a fundamental goal o f ecology. Unfortunately, linking 
inputs o f energy and nutrients from groundwater in aquatic food webs is challenging. 
Stable isotope analysis (SIA) provides a method to link the inorganic nutrient input 
and biological production and to test my hypotheses about sources o f energy to food 
webs in ecosystems (Fry 2006). Using stable isotopes to determine energy sources 
and flow paths has been successful in pelagic (Fry 1988, Hobson and Welch 1992), 
estuarine (Peterson et al. 1986, Peterson and Howarth 1987, McClelland et al. 1997), 
lake (Estep and Vigg 1985, Fry 1989, and Jones and Waldron 2003), and river 
(Hesslein et al. 1991, Hamilton et al. 1992) ecosystems. More specialized ecosystems 
have also been examined using SIA, including research by Keimicut et al. (1992) 
tracing energy sources of deep sea vent communities. Moreover, hydrologie research 
has shown differences in C (Atekwana and Krishnamurthy 1999) and N (McClelland 
et al. 1997) isotope values of groundwater relative to atmospheric waters. The 
applicability in different systems lends support to the possibility o f tracing 
groundwater derived energy to local aquatic vent communities.
Dissolution o f the carbonate bedrock has produced karst features in the Lake 
Huron basin (Black 1983). There is an extensive sinkhole system onshore near 
Alpena, Michigan, and submerged sinkholes have been reported offshore in Lake 
Huron (Biddanda et. al. 2006, 2009; Ruberg et al. 2005, 2008). Several o f the
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submerged sinkholes are sites of groundwater upwelling, where sulfur-rieh plumes 
exit the groundwater system into Lake Huron (Biddanda et al. 2006, 2009; Ruberg et 
al. 2008). My objeetive was to traee the inorganie inputs from groundwater to 
primary produeers, invertebrates, and fish of reeeiving eeosystems in Lake Huron 
using stable isotopes of C, N, and S. I hypothesized that isotope fractionation 
differences between groundwater and surrounding lake environments would create 
distinct patterns of stable isotopes that would show a link between groundwater input 
and communities surrounding vents.
Methods
Study Area
We sampled food-web components from four sites in Lake Huron northeast of 
Alpena, Michigan (Figure 6). This area is composed of Silurian-Devonian carbonate 
bedrock (see Chapters 1 and 2). Preferential dissolution from groundwater flow and 
surface moisture along an extension fault from Alpena, Michigan northwest to Rogers 
City, Michigan has created a series of karst landforms, including onshore and 
submerged sinkholes (Black 1983). Submerged sinkholes are sites of venting 
groundwater which is low in dissolved oxygen (DO), but very high in inorganic 
nutrients [namely chloride (Cl ), sulfate (S0 4 ^'), and ammonium (NHg')] (Biddanda et 
al. 2006; Ruberg et al. 2008, Chapter 2). Moreover, the vents are surrounded by large 
mats of bacterial and algal growth.
We also compared isotope data collected at groundwater sites to reference 
sites that were similar in hydrology and depth, but lacked groundwater input. The 
data collected at these groundwater sites was compared to reference sites that were
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similar in surface hydrology and depth, but lacked any groundwater input. To 
determine the presence or absence of groundwater input at the control sites, I 
measured specific conductance (mS/cm); if  the specific conductance at a possible 
control site was consistently similar to background levels of Lake Huron, I considered 
the site as a valid control. After a series of several attempts in the region, I found two 
satisfactory control sites: Squaw Bay (the control for El Cajon), a shallow 
embayment (1-2 m) south of Alpena, MI (17N 0306454 m E, 4986394 m N), and 
northeast o f Middle Island (17N 0317736 m E, 5007412 m N) (Figure 6). Thus, I had 
two pairs o f sites, one pair was wetland habitat characterized by shallow depth (< 2 
m), the presence of emergent vegetation, and reduced hydrological mixing. The other 
pair was offshore on the northeast side o f Middle Island, a small island two miles east 
of Rockport in Lake Huron. These sites were in deeper water (approximately 25 m 
depth) and characterized by benthic algae and increased hydrologie mixing.
Field Sampling
We collected 5-L water samples from each site using Niskin samplers. At 
shallow sites, I collected water from a kayak to avoid disturbing the sediment, while 
at deeper sites water was collected by SCUBA divers from the National 
Oceanographic and Atmospheric Administration (NCAA) Thunder Bay Marine 
Sanctuary. Field technicians and divers collected water in Niskin samplers directly 
from the venting groundwater plume and by operated the Niskin release mechanism 
by hand to ensure a pure groundwater sample. At control sites, water was collected 
less than 1 m from the bottom to ensure that water samples were taken at a similar 
depth to those at the groundwater sites.
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All components o f the food web were sampled from May to August in 2007 
and 2008. After collection in the field, organic matter samples were put on ice and 
frozen for subsequent laboratory analysis. 1 collected benthic algae and emergent 
vegetation directly and with the assistance of divers at the offshore sites. Bulk 
vegetation samples o f approximately 100 g were collected by band from within the 
groundwater zone and in the local area at control sites. 1 separated algal samples in 
the field by color, as previous work showed distinct lineages based on color 
■ differences (Biddanda, unpublished data). For emergent vegetation, 1 made a visual 
estimate o f abundance and collected samples from the most dominant vegetation 
types. Pbytoplankton and zooplankton samples were collected with a 20-pm plankton 
net. I filtered the bulk samples through a 112-pm screen, collecting the filtrate as the 
pbytoplankton sample, with the coarser fraction of the sample as the zooplankton 
sample.
We collected macroinvertebrate samples using Hester-Dendy samplers, a 
small, stacked plate invertebrate trap where invertebrates colonize interstices between 
plates (APHA 1996). Hester-Dendy samplers were placed in the center o f the 
sampling area at each site, and they were left in the field for approximately 40 days. 
Maeroinvertebrates were pooled for analysis to obtain a stable isotope value for the 
entire macroinvertebrate community.
We collected fish using gillnets and minnow traps. Minnow traps bad 0.32- 
cm mesh and a 2.54-cm diameter mouth to allow fish into the trap. Gillnets were 
38.1-m long experimental gillnets with 6.83-m high panels o f increasing mesh size: 
1.27 cm, 2.54 cm, 3.81 cm, 4.08 cm, and 5.35 cm bar measure. Both minnow traps
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and gillnets were set on bottom from 5 to 18 h to sample fish. Both diurnal and 
nocturnal sets were used to get representative samples. All fish that were collected 
were already dead in the sampling gear. All fish that were still alive were released. I 
took a dorsal muscle tissue sample of approximately 100 g from fish larger than 9.0 
cm, while smaller fish were kept whole. Muscle samples were taken from just behind 
the dorsal fin and above the vertebral column, a practice common in stable isotope 
studies of food webs (Keough et al. 1996; Carabel et al. 2006).
Laboratory Analysis
We took a 40-mL aliquot of each water sample to save for stable isotope 
analysis (SIA) of the aqueous dissolved inorganic carbon (DIC), which was 
performed by the University of Utah Stable Isotope Ratio Facility for Environmental 
Research (SIRFER). Water samples were not analyzed for dissolved inorganic 
nitrogen (DIN) because methods for this procedure were cost and time prohibitive. 
Water samples were filtered onto 0.45-pm Whatman GF/F filters to collect particulate 
organic matter (POM). The POM collected on the filter was dried at 60° C for 48 h, 
acidified with HCl to remove inorganic carbonates, and dried again at 60° C for 12 h. 
After drying, the filters were scraped with a spatula to collect the POM, which was 
packed into a combustion tube for SIA. POM samples were analyzed for isotopes of 
carbon C (^^C versus ^^C) and nitrogen (^^N versus ''^N) in an elemental analyzer at 
the Michigan State University Biogeochemistry and Paleoproteomics Laboratory.
All organic matter samples were coarsely homogenized and dried at 60° C for 
48 h, or if not dry after 48 h samples were dried for 24 h after no visible moisture 
remained on the sampling container. After drying, all samples except for fish dorsal
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muscle tissue were acidified with HCl and dried again at 60° C for 12 h.
Subsequently, all samples except for benthic algae and emergent vegetation samples 
were lipid extracted for 7 h using a Soxhlet extraction of an azeotropic mixture of 
methane and chloroform to remove excess lipids. All of the organic samples were 
then finely homogenized and loaded into tin capsules for and analysis at 
Michigan State University on a Carlo Erba elemental analyzer coupled to a Prism 
(Micromass) mass spectrometer. This sample preparation follows the laboratory 
protocol of the Michigan State University Biogeochemistry and Paleoproteomics 
Laboratory.
For ^"^S-DIS analysis, water samples were fixed with mercury chloride and 
sealed in 125-mL airtight septum-capped glass vials. Organic samples were 
homogenized and dried following the same method as ^^ C and samples. After 
drying, fish samples were weighed to approximately 5 mg and mixed with 1 mg of 
vanadium pentoxide in 4 x 6 mm tin capsules. Other organic samples were frozen 
and sent in bulk form for analysis. All analyses were performed by the United 
States Geological Survey (USGS) Stable Isotope Laboratory in Denver, Colorado. 
Stable Isotope Notation
The ratio of stable isotopes is expressed in delta (8) notation:
[1] 8 = [(i?sample/^ standard) -  1] x 1000
where 8 is the isotope ratio of the sample relative to a standard. i?sampie and i?standard are 
fractions of heavy to light isotopes in the sample and standard, respectively. One is 
subtracted from the i?sampie/^ standard fraction so that samples with a lower ratio of heavy 
isotopes than the standard have a negative value, and those with higher ratios of
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heavy isotopes than the standard have a positive value. This number is then multiplied 
by 1000 so that the Ô notation is in units o f parts per thousand (%o), referred to as per 
mil notation. The international standard for C is the Peedee Belemnite (PDB) marine 
fossil limestone formation from South Carolina (Craig 1957). The standard for N is 
atmospheric nitrogen, and the standard for S is the Vienna-Canyon Diablo Troilite 
(VCDT) (Fry 2006). All standards have a Ô value of 0 (Fry 2006).
Statistical Analysis
To analyze differences in the food webs, I compared mean Ô^^C, Ô^^N, and 
6^^S values for each trophic level between groundwater and control sites using t-tests. 
These analyses were conducted using SPSS vl4.0 (Chicago, Illinois). Furthermore, I 
also plotted the stable isotope data in scatter plots to visually represent different food 
webs. I combined samples into different trophic components for the scatter plot 
analysis, focusing on benthic and pelagic differences. I grouped fish into feeding 
groups based on information from regional compilations (e.g., Hubbs and Lagler 
2007) and my own personal knowledge.
Results
We collected 126 samples for stable isotope analysis, 57 from control sites 
and 69 from groundwater sites. Sample sizes were variable based on differences in 
fish sample size between sites. In general, samples from groundwater sites had lower 
Ô^ ^C values than counterparts from control sites, although this was dependent on the 
trophic level (Appendix E).
DIC and DIS from groundwater was lower than lake water samples (Table 8). 
Differences in Ô^ ^C between groundwater and control trophic levels ranged from 0.2
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%o (piscivorous fish) to 9.5 %o (producers), indicating less in groundwater 
samples compared to control samples (Table 9). In general, benthic components of 
groundwater systems bad significant differences in and values (Table 9). 
Benthic algae and emergent vegetation bad 9.5%o lower in groundwater sites 
relative to controls. Similarly, maeroinvertebrates were 4.4%o depleted in 
between groundwater and lake water sites. Benthivorous fish followed the same 
trend, with fish from groundwater sites 3.4%o lower than control sites. In contrast, 
pelagic food-web components did not exhibit significant differences in or 6^ '*S 
values (Table 9). I was only able to compare values from fish collected from my 
systems because I was not able to collect enough organic material fi*om other samples 
to analyze for
Table 8. The and 6^ '*S values for dissolved inorganic carbon (DIC) and sulfur 
(DIS) from water samples collected at the groundwater and lake water sites.
Ô13C-DIC Ô34S-DIS
Lake Control 
Mean SD 
0.55 0.50
Groundwater 
Mean SD 
-3.35 1.06
Lake Control 
Mean SD 
6.9 0
Groundwater 
Mean SD 
18.9 0.71
SD -  standard deviation of the mean
The differences in values between groundwater and control sites ranged' 
from 0.8 %o (benthivorous fish) to 2.5 %o (zooplankton), although maeroinvertebrates 
and piscivorous fish were the only trophic groups to show significant differences 
(Table 9). However, both groundwater and lake water food webs showed positive 
enrichment in across trophic levels. On average, the trophic enrichment 
was 3.5 %o across all sites, although the range was variable (0.46-8.17%o).
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After grouping samples into trophie levels, I plotted versus for 
benthie and pelagie eomponents of the food webs (Figure 19). In general, benthie 
food web eomponents showed separation between groundwater and eontrol 
eeosystems, while pelagie food web eomponents were relative similar in trophie 
positioning. I also ereated similar plots of versus for three trophic levels of 
fish, with distinct separation in the benthivorous fish (Figure 20).
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Table 9. Mean Ô^^C, ô'^N, and Ô^ '^ S values o f different trophie levels at eontrol and groundwater sites and associated p-values 
from independent t-tests.
oooo
Trophic Group
Lake Control
Ô13C
Groundwater Lake Control
ôi^N
Groundwater Lake Control Groundwater
Mean ± SD («) Mean ± SD (n) p-value Mean ± SD (n) Mean ± SD (n) p-value Mean ± SD (n) Mean ± SD (n) p-value
POM -25.5 ±1.3  (10) -26.1 ± 1.2(14) 0.297 3.6 ±2 .8  (6) 1.3 ±1 .8  (2) 0.317*
Producers (emergent 
vegetation, benthie mats) -19.7 ± 5 .9  (4) -29.2 ± 4 .6  (8) 0.011 -0.9 ±2 .4  (4) 0.1 ± 2 .6  (8) 0.308*
Phytoplankton -22.7 ± 0.7 (2) -26.0 ±5.1 (2) 0.439* 2.5 ± 0.0(1) 3.5 ± 0.6 (2) 0.221*
Zooplankton -22.1 ± 1.3 (2) -27.2 ± 7.6 (2) 0.439* 3.0 ± 0.35 (2) 5.5 ±(1.3) 0.121*
Macroinvertebrates -20.9 ± 2 .0  (9) -25.3 ± 6.4 (8) 0.096 2.7 ±1.3  (9) 3.8 ± 0.5 (8) 0.016*
Benthivorous Fish -18.1 ±1 .4  (18) -21.6 ±3.1 (13) 0.001 7.8 ±1.3  (18) 8.2 ± 1 .4  (13) 0.452 2 .7±  1.1 (18) 0.2 ± 4.0 (14) 0.014
Planktivorous Fish -18.7 ± 2 .4  (3) -19.1 ± 1 .9  (5) 0.655* 11.1 ±0 .7  (3) 10.5 ± 0 .2  (5) 0.230* 3.8 ±0 .3  (3) 3.6 ±1 .7  (5) 0.368*
Piscivorous Fish -19.8 ± 1.9 (6) -19.6 ±2 .8  (11) 0.868 12.2 ± 1.3 (6) 11.1 ±1 .2  (11) 0.090 3.3 ± 1 .4  (6) 1.9 ± 2 .7  (11) 0.195
SD -  standard deviation o f the mean 
n -  sample size
POM -  particulate organic matter 
* -  non-parametric statistical analysis
Bold p-value text denotes statistical significance at the a  < 0.10 level.
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Figure 19. Stable isotope bi-plots of and for both benthie and pelagic food 
webs from the groundwater (darkened shapes) and lake-water (open shapes) sites. The 
ellipses were drawn by the author to clarify between groundwater and control 
ecosystems.
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Figure 20. Stable isotope bi-plot of and of the three trophie groups of fish
from the groundwater (solid shapes) and lake-water (open shapes) sites. Cireles were 
drawn by the author to elarify between groundwater and eontrol eeosystems.
Discussion
My results suggest there are distinet eommunities of mierohial and algal mats, 
maeroinvertehrates, and benthivorous fish that are supported hy earhon and sulfur from 
venting groundwater in the Laurentian Great Lakes. The separation of and 
values for henthie food weh eomponents between groundwater and eontrol sites indieates 
different sourees o f energy (Figures 19 and 20). Based on video and diver observations 
(Ruherg et al. 2008), groundwater is denser than surrounding lake water, whieh leads to a 
laminar flow that follows the bathymetry of the system and prevents mixing with
90
overlying lake water. I hypothesize that denser, sulfur-rich groundwater flows out of 
vents and disperses across the henthos, hathing the henthie ecosystem in groundwater.
Based on the well-separated 513C-DIC and 534S-DIS values of groundwater 
relative to lake water, it seems that groundwater provides a source of inorganic earhon 
and sulfur that are isotopically distinct from surrounding lake water. This inorganic pool 
of nutrients is incorporated hy dense organic mats of algae, cyanohacteria, and other 
microbes during photosynthesis and other alternative metaholic pathways such as sulfate 
reduction (Nold et al. Submitted a). In turn, this fixed energy is transferred to upper 
trophic levels of the henthos, which fuels the local henthie food-weh. This hypothesized 
energy flow path would be similar to deep-sea hydrothermal vents, where nutrient rich 
water creates localized henthie ecosystems based on microbial metabolism (Lonsdale 
1977, for a review see Lutz and Kennish 1993). Furthermore, research on deep-sea 
hydrothermal vents using stable isotopes has shown link between local communities and 
alternative microbial metabolism (Kermicutt et al. 1992, Colaço et al. 2002).
In contrast to benthos, groundwater inputs do not extend to pelagic parts of the 
food web (Figure 19). Most likely, laminar flow of groundwater prevents it from mixing 
with upper parts of the water column. Also, the small volume of groundwater entering 
the system relative to surrounding lake water weakens the extent of the influence of 
groundwater. My data suggest that phytoplankton, zooplankton, and planktivorous fish 
are not reliant on groundwater-derived C because values of these trophic levels were 
not different between groundwater and reference ecosystems (Table 9). Planktivorous 
and piscivorous fish are more mobile than small, demersal species, which would make 
them more likely to move into and out o f the submerged sinkhole areas to forage. Thus,
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assimilation o f C from the groundwater by planktivorous and piscivorous mobile fish 
would be a small component o f their entire C pool.
Taken together, the distribution o f isotopes of C, N, and S in the various 
reservoirs o f the sinkhole food web support a strong influence of groundwater-fueled 
pbotosyntbetie microbial mat production on benthie consumers such as invertebrates and 
fish. These conclusions are corroborated by the lighter ^^Cdic signal of groundwater 
becoming expressed in benthie eyanobaeterial mats that in turn cause lighter signals in 
benthie invertebrates and fish. The values shift positively upwards along this 
trophic gradient, supporting the linkage between benthie mat production and 
consumption by resident invertebrates. The limited data also add to this hypothesis 
in that groundwater influence does not seem to impact local plankton or mobile fish of 
the surrounding lake.
Nold et al. (Submitted a) report a 513C-DIC o f 0.9 for surface limestone collected 
from a quarry site along the Lake Huron coast near the groundwater sites. Assuming that 
Ô13C-DIC of the entire aquifer is similar, then the depleted Ô13C-DIC values of 
groundwater are not the result o f limestone dissolution. The lower 513C-DIC of 
groundwater areas could be the result of metbanogenie bacteria in surfieial sediments. 
High concentrations of methane have been measured in Lake Huron sinkhole sediment 
pore water along with the presence of metbanogenie microbes (Nold et al. Submitted b). 
Cbemosyntbetic and metbanogenie bacteria in deep-sea hydrothermal vents and seeps 
have been shown to be highly depleted in giving them values <-40%o (Pauli 
1985, Kermicutt et al. 1992). A large presence o f these organisms in benthie mats or 
sediments could create highly depleted DIG in groundwater; yet, groundwater DIG at my
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sites was only depleted by approximately 4 %o. Another, and more likely, explanation for 
the depleted ^^C-DIC is tightly coupled microbial respiration and incorporation or uptake 
during its residence in the aquifer. Respiration by bacterial heterotrophs, denitrifiers, and 
sulfate reducers in groundwater already depleted in ^^Cdic tends to further deplete 
which results in the release o f isotopically lighter carbon back into the DIC pool 
(Peterson and Fry 1987, Chapelle and McMahon 1991, Nascimento et al. 1997). In these 
groundwater vent systems, isotopically lighter carbon could be quickly absorbed and 
assimilated into the DIC pool.
To my knowledge, these data provide the first evidence of benthie communities in 
the Great Lakes that are linked to groundwater vents. The possibility of deeper vent 
communities with a rich microbial fauna in Great Lakes is justified (e.g., Biddanda et aL 
2006) because the entire upper portions of Lake Michigan and Lake Huron are underlain 
by Silurian-Devonian carbonate bedrock (Granneman et al. 2000). Furthermore, there is 
a distinct carbonate ridge that bisects Lake Huron, following the trend of the karst- 
sinkhole fault complex near Alpena across the lake to southwestern Ontario, Canada. 
Although not yet explored, this carbonate ridge could be the site of similar sinkhole areas 
with groundwater vent communities and lacustrine groundwater discharge.
The advent of tracers, such as stable isotope ratios, has enabled our ideas about 
linkages among food webs to move from conceptual to real. For example, recent 
research in other large lakes has shown the presence of hydrothermal vents and 
associated ecosystems where food webs are link to nutrients from venting water (De 
Ronde et al. 2002, Morgan et al. 2003). I emphasize that areas in Lake Huron are not 
hydrothermal vents; however, these karst sinkholes may serve a similar role as a
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concentrated area o f mierobial activity that is linked to surrounding benthie 
maeroinvertebrate and fish eommunities. Indeed, karst eeosystems are known to support 
unique and speeialized food webs (Opsahl and Chanton 2006). Previous observations in 
Lake Huron sinkholes indieated that distribution o f benthie eyanobaeterial mats are 
strietly limited to zone o f groundwater influenee and that sinkholes host a diverse 
eommunity of sinkhole-speeifie mierobes and mieroinvertebrates (Ruberg et al. 2008, 
Biddanda et al. 2009, Nold et al. Submitted b). The present study demonstrates that these 
unique benthie eeosystems may be separate eeologieal eommunities that are intrieately 
linked to the groundwater flow into the Great Lakes eeosystem.
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CHAPTER V
SYNTHESIS
Initially, I had three objectives for the project: (1) determine the presence and 
extent of chemical and physical gradients in sinkhole environments near Alpena, (2) 
determine the distribution and densities of higher-level organisms surrounding these 
sinkholes, and (3) trace nutrient and energy flow through the food web from groundwater 
to primary producers and into heterotrophic invertebrates and fish using stable isotopes of 
C, N, andS. Overall, my work on submerged sinkhole ecosystems of Lake Huron 
revealed striking patterns in environmental gradients, local community ecology, and 
energy flow.
It is evident that there are distinct physical and chemical gradients that exist 
surrounding these groundwater vents. As noted by previous researchers (Moreau 1983, 
Biddanda et al. 2006, Ruberg et al. 2008), the local carbonate aquifer provides a source of 
groundwater that is rich in inorganic nutrients yet depleted in DO. Moreover, 
groundwater is thermally stable, which, when combined with the high concentrations of 
dissolved ions, creates a thermo-pycnocline with dense groundwater that sinks and is 
slow to mix with overlying lake water (Ruberg et al. 2008).
Our observations in the present study demonstrate that distinct gradients of 
inorganic nutrients, specific conductance, DO, and temperature prevail at sublacustrine 
sinkholes where lake water and groundwater come together. At both sinkhole sites, 
inorganic nutrients and specific conductance (a proxy for dissolved ions such as inorganic 
nutrients) decreased with distance fiom groundwater source, while DO and temperature
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increased with distance (Figure 21). Moreover, this was not related to size of the 
groundwater vent or magnitude o f discharge because both groundwater vents exhibited 
similar patterns, although they are orders o f magnitude different in size. In contrast, it 
appears that mixing o f groundwater is more likely linked to turbulence from the 
overlying water, mainly due to wind-driven storm events. Ruberg et al. (2008) report that 
the groundwater layer at Middle Island (i.e., offshore vent) is stable unless disrupted by 
wind-driven events that cause mixing of groundwater and overlying lake water.
Similarly, I hypothesize that wind-driven mixing at the shallow groundwater vent also 
mixes dense groundwater with overlying water, allowing for quicker aeration and 
warming o f groundwater.
High
Nutrients, 
Specific 
Conductance 
(Dashed Line)
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Distance from groundwater
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Temperature 
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Figure 21. Inverse relationships o f nutrients, specific conductance, dissolved oxygen
(DO), and temperature o f the groundwater at the submerged sinkholes.
The second objective of this project was to study the plankton, benthie
macroinvertebrates, and fish communities surrounding these groundwater vents, with an
initial hypothesis that the combination o f enhanced produetion but decreased DO
surrounding the sinkholes would structure the community composition and distribution.
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Before my research, no higher trophic level ecology work had been conducted on these
systems. Because of this, I based my questions and hypotheses on work conducted on
hydrothermal vents, which shared many of the same characteristics with these
groundwater vents. Although a relatively novel discovery (Corliss et al. 1979), marine
hydrothermal vent research has focused on the intrusion of thermally and chemically
distinct water to benthie areas surrounding rift zones (for a review see Von Damm 1990).
These ecosystems are driven by the unique set o f environmental conditions where the
hydrothermal vent water and marine water mix, which creates different environmental
zones with distinct biological communities (Van Dover 2000, Luther et al. 2001). More
specifically. Lutz and Kennish (1993, p.211) state:
“those [species] inhabiting the generally unstable conditions of 
hydrothermal vent environments exhibit high densities and biomass, low 
species diversity, rapid grovdh rates, and high metabolic rates. Biological 
processes, such as rates o f metabolism and growth, in vent organisms are 
comparable to those observed in organisms from shallow-water 
ecosystems. An abundant energy source is provided by chemosynthetic 
bacteria that constitute the primary producers sustaining the lush 
communities at the hydrothermal sites.”
Groundwater vents in Lake Huron have similar characteristics, in that they have distinct,
juxtaposed water masses (Biddanda et al. 2006; Ruberg et al. 2008), enhanced bacterial
production (Biddanda et al. 2006) and sedimentary C sequestration (Nold et al. Submitted
a), and unique species of Bacteria and Archaea that may use alternative metabolic
pathways such as chemosynthesis (Biddanda et al. 2006, 2009; Ruberg et al. 2008, Nold
et al. Submitted b). Because of these conditions, I expected to see similar patterns in
upper-level organisms to those found at marine hydrothermal vents.
104
Distance from the
Zone of upper- 
level organism 
presence.
Zone of low 
dissolved oxygen
groundwater source
Figure 22. Theoretical relationships of nutrient and dissolved oxygen concentrations 
surrounding the groundwater vents (left) creates different zones o f community 
abimdances (right).
Venting groundwater at submerged sinkhole sites does, in fact, affect the local
community ecology of upper-level organisms, similar to marine hydrothermal vents.
Originally, I hypothesized that there would be gradients o f organism abundance based on
available food resources and DO, and that density of organisms at sinkhole sites would be
greater than surrounding lake water areas. However, my research indicates that overall
densities are lower at sinkhole sites, and, although there were lower densities o f upper-
level organisms immediately adjacent to the venting groundwater (most likely due to
hypoxia), I did not detect any patterns in organism distribution in relation to distance
from groundwater vents (Figure 22). Marine hydrothermal systems have zones of
community distribution based on chemical and physical gradients through space, but in
sinkhole vents there does not appear to be a similar pattern. Moreover, for the most part,
densities of maeroinvertehrates and fish at groundwater sites were less than that o f lake
water control sites, implying that these areas may limit population density because o f the
adverse environmental conditions (Figure 23). I also observed differences in community
compositions of maeroinvertehrates and fish, which also suggests that some taxonomic
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groups are adapted to local environmental conditions and may be more successful than 
other groups. Indeed, sinkholes are home to diverse and specialized communities of 
microbes and microeukaryotes including nematodes, arthropods, and tardigrades (Nold et 
al. Submitted b). Interestingly, I did not observe any impacts on the plankton biomass 
due to groundwater input, which is logical because dense groundwater tends to flow 
along the benthos with minimal mixing in the water column. Because o f this, plankton 
and other water column organisms are not affected by groundwater flow.
Figure 23. A lake ecosystem with (a.) groundwater input and (b.) without 
groundwater input and the observed effect on food webs o f plankton ("*1^ ), benthie 
maeroinvertehrates ( ^ ) ,  and fish (CZZZXl).
Our last objective was to try to link venting groundwater (and its associated
inorganic nutrients) to surrounding food webs, which would determine whether local
ecosystems are reliant on groundwater as a source o f nutrients and carbon. I
hypothesized that since intruding groundwater was high in dissolved inorganic carbon
(DIC) and sulfate (SO4), ôC and ôS values o f groundwater ecosystems could be different
than those from lake water reference sites. My data show that groundwater ecosystems
are generally depleted in ôC-DIC and enriched in 6S-DIS, and that these signatures are
distinctly different from lake water control sites. Moreover, I also saw differentiation
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between stable isotope signatures of other components of the food web. The benthie 
components of the food web have distinct isotope separation, while planktonic organisms 
show an isotope signature very similar to lake water reference sites (Figure 24). This 
coincides nicely with the environmental and community ecology data, as the dense 
venting groundwater sinks and remains separated from the overlying lake water. As it 
flows along the lake floor, groundwater bathes the benthos zone and creates a sub­
ecosystem. As this occurs, benthie maeroinvertehrates rely on bacterial mat production 
generated in this zone as a food source, and they are subsequently consumed by 
benthivorous fish. Conversely, planktivorous and piscivorous fish are more mobile, 
covering a large area to consume a diverse array o f food sources. As such, they most 
likely consume some food from the groundwater zone, but this is a small component of 
their overall diet that it does not measurably appear in their stable isotope signature.
I C Z X ] 0 C  = -19,58 = 3.5 ^  5C = -22 1 (C Z Z X |5C  = -19, 58 = 3.5 ^  5C = -22
\  5C-D1C = 0, 58-DI8 = 7
\  ÔC-DIC = -3.5, ÔS-DIS = 19
5C = -23, 58 = 0.2 
5C = -25
5C = -30
\ .  C >C15C = -1 8 ,58 = 3.5 
^ ^ 5 C  = -21
4 B --------------
Figure 24. A diagram of ÔC and ÔS values o f lake ecosystems (A) with groundwater 
input and (B) without groundwater input. Trophic levels include benthie producers 
( plankton ("O'), benthie maeroinvertehrates ( ^ ) ,  and fish (CZZXl).
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Taken together, the results from the three areas of study portray a unique benthie 
ecosystem that is closely linked to the venting groundwater of these submerged 
sinkholes. As groundwater emerges from the carbonate aquifer, it creates a lens that 
flows across the lake floor. This zone is low in dissolved oxygen, but rich in inorganic 
nutrients, which creates ideal conditions for the growth of eyanobaeterial mats and algae. 
This production is consumed by benthie maeroinvertehrates, which are preyed upon by 
benthivorous fish. Although 1 have created a rough schematic of how the ecosystem 
functions, many questions remain. I know relatively little about the phylogeny and 
spéciation of maeroinvertehrates in these areas because most were only identified to the 
family level or higher. There is the potential for discovery of new fauna that may be 
adapted to the hypoxic zones immediately adjacent to the groundwater vents. Moreover,
I studied two small systems, yet the entire northern basin of Lake Huron and Lake 
Michigan are covered with carbonate bedrock. Currently, these systems appear to be a 
small sub-set of the larger Great Lakes ecosystem, but marine hydrothermal vents 
followed an analogous pattern, as most scientists thought they were a small niche 
ecosystem before they were discovered at nearly every fault spreading zone in the oceans. 
Could the two sublacustrine sinkholes that I studied in Lake Huron be part of a more 
extensive network of groundwater vents and submerged sinkholes that pockmark the lake 
floor of the Great Lakes?
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APPENDIX A
Sonde data from both shallow and offshore groundwater and control sites.
Location Dist. (m) Temp . DO DO Sp. Cond. TDS Turb pH ORP Chi(°C) (%) (mg/L) (mS/cm) (g^,) (NTU) (mV) (mg/L)
Shallow 0 10.3 6.8 0.6 239 1.53 19.0 7.3 211 0.8
Groundwater 0 10.2 12.6 1.4 2.34 1.49 0.0 7.3 133 0.5
2 10.2 7.7 0.8 2.37 1.52 16.0 7.3 195 0.9
2 8.9 12.6 1.4 2.45 1.57 0.0 7.2 93 ND
2 10.0 12.8 1.4 2.14 1.37 0.0 7.3 158 3.3
4 10.2 8.8 1.0 236 1.51 11.2 7.3 179 ND
6 10.9 10.2 1.1 235 1.44 12.8 7.3 170 ND
6 10.2 233 2 3 239 1.46 0.0 7.3 138 3
6 10.5 21.-5 2.3 238 1.43 0.0 7.4 147 1.6
8 12.2 37.2 5.7 2.18 1.39 0.0 7.4 152 ND
10 13.4 75.3 7.1 2.19 1.34 0.0 7.5 176 2
10 11.4 5Z6 5.5 1.97 1.28 0.0 7.5 181 1.9
10 11.4 69 8 7.4 2.00 1.28 0.0 7.6 171 1.6
12 14.2 87.6 8.1 2.14 1.26 0.0 7.5 188 2.4
14 14.9 82.4 8.5 2.10 1.35 0.0 7.5 188 2.5
14 11.9 69.1 7.3 1.95 1.25 0.0 7.6 197 2.1
14 11.9 70.4 7.4 1.98 1.27 0.0 7.7 196 1.6
16 15.5 91.2 8.9 2.09 1.31 1.8 7.7 137 2 6
18 15.5 926 9.0 2.05 1.31 0.0 1.1 156 2 j
18 11.8 72.1 7.6 1.93 1.24 0.0 7.7 224 1.6
18 12.3 70.9 7.4 1.96 1.25 0.0 7.7 241 1.6
22 11.9 71.7 7.6 1.95 1.25 0.0 7.7 224 1.6
Offshore 5 9.1 3.3 0.4 239 1.49 5.5 7.1 117 2.6
Groundwater 26 9.4 323 3.7 1.83 1.19 5.6 7.2 176 2.1
46 9.4 30.4 3.5 1.83 1.19 5.8 7.2 164 2.5
60 9.4 29 3.3 1.86 1.21 6.4 7.2 154 13.7
81 9.5 34.8 4.0 1.49 0.97 5.5 7.3 174 2.1
98 9.5 49.3 5.6 1.38 0.89 5.5 . 7.3 189 2.9
114 9.5 35 4.0 1.56 1.01 8.3 7.3 176 3.4
142 9.5 533 6.1 1.65 1.08 5.9 7.2 200 3.2
165 9.5 563 6.4 1.64 1.07 5.5 7.3 202 2
213 9.5 633 7.2 1.72 1.12 74.2 7.3 195 42.6
234 9.5 593 6.8 1.69 1.10 7.6 7.3 197 9.5
Shallow NA 26.0 112.6 9.0 0.28 0.18 0.0 8.6 313 3.2
Control NA 25.9 111.7 8.9 0.28 0.18 0.0 8.6 311 3.9
NA 25.8 111 9.0 0.28 0.18 20.5 8.6 305 5.5
NA 25.7 112 9.1 0.27 0.18 4.0 8.6 303 3.9
NA 25.7 113.4 9.1 0.27 0.18 0.0 8.7 301 2
Offshore NA 11.0 117.4 12.9 032 0.14 5.6 8.5 236 1.1
Control NA 11.2 113.1 12.4 032 0.14 6.2 8.5 247 9.1
NA 9.4 111.7 12.8 0.22 0.14 5.5 8.4 269 1.1
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Dist. -  distance from the groundwater source
Temp -  temperature
DO -  dissolved oxygen
Sp. Cond. -  specific conductivity
TDS -  total dissolved solids
Turb -  turbidity
ORP -  oxidation-reduction potential 
Chi -  chlorophyll 
NA -  not applicable 
ND -  no data
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APPENDIX B
Nutrient data from both shallow and offshore groundwater and control sites.
Location Distance from GW (m) Cr (mg/L) SO /- (mg/L) NH3" (mg/L) D ie  (mg/L)
Shallow Groundwater 0
0
46
33
1304
1395
0.05
0.04
42
ND
1 34 1257 0.05 42
2 30 1234 0.04 41
2 26 1269 , 0.05 48
4 34 1185 0.04 44
4 31 1323 0.05 48
■5 27 1279 0.04 47
6 28 1090 0.02 39
8 27 965 0.01 38
10 30 1033 0.02 39
12 30 1153 0.02 45
13 28 1048 0.03 39
13 27 1134 0.02 40
15 28 983 0.02 39
17 27 986 0.01 38
Offshore Groundwater ND
ND
18
22
973
948
0.04
0.04
41
42
ND 25 1226 0.05 47
ND 26 1020 0.54 44
ND 30 1290 0.04 43
ND  ^ 27 1288 0.05 43
ND 19 907 0.06 ND
ND 20 967 0.05 ND
ND 19 9%; 0.048 ND
Offshore Control NA 7 19 0.01 19
Shallow Control NA 8 13 0.01 ND
GW -  groundwater
D ie  -  dissolved inorganic carbon
ND -  no data
NA -  not applicable
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APPENDIX C
Plankton biomass from both shallow and offshore groundwater and control sites.
Sample Site SampleID
Distance from 
Groundwater 
(m)
Filter
Weight
(mg)
Dry Sample 
Weight 
(mg)
Ash
Weight
(mg)
Ash-free 
Dry Mass 
(mg)
Plankton
Biomass
(HgÆv)
Shallow lA 0 128.7 112.6 59.1 53.5 1486.1
Groundwater IB 5 130.6 112.8 46.6 66.2 1838.9
1C 10 131.7 18.7 5.3 13.4 372.2
ID 15 131 66 47.3 18.7 519.4
2B 5 129.2 276.9 201.1 75.8 2105.6
2C 10 131 18.3 4.5 13.8 3813
2D 15 131.3 31.5 21.2 10.3 286.1
3B 5 130 694.2 550.7 143.5 3986.1
3C 10 129.8 2822 156.7 125.5 3486.1
3D 15 127.8 228 10.6 13.2 366.7
Shallow lA NA 128 239.4 171.5 67.9 1886.1
Lake water IB NA 129.2 67.8 45.6 222 616.7
1C NA 127.7 316.2 242.6 73.6 2044.4
ID NA 128.2 163.4 110.2 512 1477.8
2B NA 128.6 91.1 57.4 33.7 936.1
2C NA 128.4 70.6 42 28.6 794.4
2D NA 130.4 71.6 47.3 24.3 675.0
3B . NA 128.6 204.1 142.4 61.7 1713.9
3C NA 126.8 88.8 57.2 31.6 877.8
3D NA 131.9 167.9 128.1 39.8 1105.6
Offshore lA 31 129.6 8.9 2.9 6 4.1
Groundwater IB 112 128.3 12.8 4.9 7.9 5.4
1C 180 128.7 5.7 2.6 3.1 2.1
ID 270 128.4 13.8 3.2 10.6 7.3
2B 85 129.9 0.9 -1.7 NS NS
2C 134 127.2 0.9 0.3 0.6 0.4
2D 212 129.8 14.2 4.4 9.8 6.7
3B 53 127.9 2.1 0.4 1.7 1.2
3C 110 128.2 10.6 3.4 7.2 4.9
3D 170 124.2 13 5.6 7.4 5.1
Offshore lA NA 128.5 19.3 8.3 11 7.5
Lake water IB NA 127.6 18.6 6.9 11.7 8.0
1C NA 130.2 15.8 2.6 13.2 9.0
ID NA 126.7 17.3 5 12.3 8.4
2B NA 129.3 10.6 1.8 8.8 6.0
2C NA 129.7 15.7 4.7 11 7.5
2D NA 127.8 17.9 9.4 8.5 5.8
3B NA 129.4 229 8.6 21.3 14.6
3C NA 129.1 13.1 5.5 7.6 5.2
3D NA 128.3 11.2 3.4 7.8 5.3
NA -  Not Applicable 
NS -  No Sample
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APPENDIX D
Common name, length, and weight of fish from five sites.
Site Trap
Distance 
from the 
Groundwater 
Source (m)
Common Name Length(cm)
Weight
(g)
Shallow IB 5 central mudminnow {Umbra limi) 8.9 7.9
Groundwater 2B 5 brook stickleback (Culaea inconstans) 4.4 0.7
2B 5 round goby (Neogobius melanostomus) 4.1 1
2D 15 brook stickleback {Culaea inconstans) 5.2 1.8
3D 15 brook stickleback {Culaea inconstans) 4.7 1.1
Shallow Lake lA NA spottail shiner (Notropus hudsonius) 6.5 2.6
water IB NA spottail shiner (Notropus hudsonius) 6.4 1.8
1C NA round goby {Neogobius melanostomus) 6.3 3.1
1C NA spottail shiner (Notropus hudsonius) 7 2.9
1C NA spottail shiner (Notropus hudsonius) 6.2 2
1C NA spottail shiner (Notropus hudsonius) 6.3 2.6
ID NA spottail shiner (Notropus hudsonius) 6.5 2.7
2B NA spottail shiner (Notropus hudsonius) 6.5 2.4
2B NA spottail shiner (Notropus hudsonius) 5 1.3
2C NA round goby {Neogobius melanostomus) 6.5 3.4
2C , NA spottail shiner (Notropus hudsonius) 7.1 3.8
2C NA spottail shiner (Notropus hudsonius) 6.7 2.6
2C NA spottail shiner (Notropus hudsonius) 6 2
2C NA spottail shiner (Notropus hudsonius) 6.1 2.4
3B NA spottail shiner (Notropus hudsonius) 6.3 2.5
3B NA spottail shiner (Notropus hudsonius) 6.5 2.6
3C NA spottail shiner (Notropus hudsonius) 6.9 2.8
3D NA spottail shiner (Notropus hudsonius) 6.4 2.5
3D NA spottail shiner (Notropus hudsonius) 6.3 3.2
3D NA spottail shiner (Notropus hudsonius) 6.5 2.3
Offshore IB 112 . round goby {Neogobius melanostomus) 7.3 4.5
Groundwater IB 112 round goby {Neogobius melanostomus) 8.3 5.6
IB 112 round goby {Neogobius melanostomus) 6.8 3.7
IB 112 round goby {Neogobius melanostomus) 7 3.9
1C 180 round goby {Neogobius melanostomus) 7.1 3.5
1C 180 round goby {Neogobius melanostomus) 6.8 3.3
1C 180 round goby {Neogobius melanostomus) 8.1 4.6
ID 270 round goby {Neogobius melanostomus) 10.3 12.3
ID 270 round goby {Neogobius melanostomus) 7.1 4.2
ID 270 round goby {Neogobius melanostomus) 7.5 5
2B 85 round goby {Neogobius melanostomus) 8.3 7.1
2B 85 round goby {Neogobius melanostomus) 7.5 5.4
2B 85 round goby {Neogobius melanostomus) 6.7 4.3
2B 85 round goby {Neogobius melanostomus) 8.2 7.1
2B 85 round goby {Neogobius melanostomus) 9.2 10.5
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Site Trap from the Groundwater 
Source (m)
Common Name Length(cm)
Weight
(g)
2B 85 round goby {Neogobius melanostomus) 7.8 6.5
2B 85 round goby {Neogobius melanostomus) 7 4.4
2B 85 round goby {Neogobius melanostomus) 8.2 6.8
2B 85 round goby {Neogobius melanostomus) 7.1 4.5
2B 85 round goby {Neogobius melanostomus) 5.2 3.2
2C 134 round goby {Neogobius melanostomus) 8.2 5.9
2C 134 round goby {Neogobius melanostomus) 8.3 7
2C 134 ninespine stickleback {Pungitius pungitius) 9.4 1.6
2D 212 round goby {Neogobius melanostomus) 10.1 12.4
2D 212 round goby {Neogobius melanostomus) 8.5 9.2
2D 212 round goby {Neogobius melanostomus) , 7.5 5.3
2D 212 round goby {Neogobius melanostomus) 6.3 2.5
2D 212 round goby {Neogobius melanostomus) 6.2 2.7
3C 110 round goby {Neogobius melanostomus) 10.6 18.2
3C 110 round goby {Neogobius melanostomus) 11.3 21.4
3C 110 round goby {Neogobius melanostomus) 13.5 42.3
3C 110 round goby {Neogobius melanostomus) 7.6 6.1
3C 110 round goby {Neogobius melanostomus) 8.4 6.7
3C 110 round goby {Neogobius melanostomus) 10.1 14.7
3C 110 round goby {Neogobius melanostomus) 8.6 9.2
3C 110 round goby {Neogobius melanostomus) 10.2 13.7
3C 110 round goby {Neogobius melanostomus) 6.5 3.2
3C 110 round goby {Neogobius melanostomus) 7.5 5.9
3C 110 round goby {Neogobius melanostomus) 7.5 5.4
3C 110 round goby {Neogobius melanostomus) 9.1 10.6
3C 110 round goby {Neogobius melanostomus) 9 9.6
3C 110 round goby {Neogobius melanostomus) 6.7 4
3C 110 round goby {Neogobius melanostomus) 7.8 5.5
3C 110 round goby {Neogobius melanostomus). 6.3 3
3C 110 round goby {Neogobius melanostomus) 8.5 8.4
3C 110 round goby {Neogobius melanostomus) 7.3 4.7
3C 110 round goby {Neogobius melanostomus) 7 4.6
3C 110 round goby {Neogobius melanostomus) 6.6 3.6
3C 110 round goby {Neogobius melanostomus) 6 2.7
3C 110 round goby {Neogobius melanostomus) 6.3 3.1
3C 110 round goby {Neogobius melanostomus) 7.4 5.6
3C 110 round goby {Neogobius melanostomus) 6.2 3
3C 110 round goby {Neogobius melanostomus) 6.2 3
, 3D 170 round goby {Neogobius melanostomus) 12.7 29.4
3D 170 round goby {Neogobius melanostomus) 6.5 3.8
3D 170 round goby {Neogobius melanostomus) 12.2 29.8
3D 170 round goby {Neogobius melanostomus) 6.3 3.2
Offshore Lake lA NA round goby {Neogobius melanostomus) 8.2 6.4
water lA NA round goby {Neogobius melanostomus) 7.5 5.2
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Distance 
from the 
Groundwater 
Source (m)
Common Name Length(cm)
Weight
(g)
lA NA round goby {Neogobius melanostomus) 7.2 4.2
lA NA round goby {Neogobius melanostomus) 8 5.7
lA NA round goby {Neogobius melanostomus) 10.3 11.1
lA NA round goby {Neogobius melanostomus) 9.4 10
lA NA round goby {Neogobius melanostomus) 7.1 4.4
lA NA round goby {Neogobius melanostomus) 9 8.1
lA NA round goby {Neogobius melanostomus) 7 3.9
lA NA round goby {Neogobius melanostomus) 10.1 10.5
lA NA round goby {Neogobius melanostomus) 9.1 8.5
lA NA round goby {Neogobius melanostomus) 6.8 3.9
lA NA round goby {Neogobius melanostomus) 8.4 6.4
lA NA round goby {Neogobius melanostomus) 8.1 6.8
lA NA round goby {Neogobius melanostomus) 8.1 4.9
lA NA round goby {Neogobius melanostomus) 7.8 4.8
lA NA round goby {Neogobius melanostomus) 8.7 7.6
lA NA round goby {Neogobius melanostomus) 8 5.2
lA NA round goby {Neogobius melanostomus) 7.4 4.3
lA NA round goby {Neogobius melanostomus) 6.4 2.8
lA NA round goby {Neogobius melanostomus) 8 5.7
lA NA round goby {Neogobius melanostomus) 5.5 1.7
IB NA round goby {Neogobius melanostomus) 8 6.4
IB NA round goby {Neogobius melanostomus) 7.5 5
IB NA round goby {Neogobius melanostomus) 7.6 5.2
IB NA round goby {Neogobius melanostomus) 7.5 5
IB NA round goby {Neogobius melanostomus) 6.2 3.2
IB NA round goby {Neogobius melanostomus) 7.1 4.4
IB NA round goby {Neogobius melanostomus) 8.4 6.9
IB NA round goby {Neogobius melanostomus) 7 3.5
IB NA round goby {Neogobius melanostomus) 5.9 6
IB NA round goby {Neogobius melanostomus) 8.1 6.3
IB NA round goby {Neogobius melanostomus) 6.2 2.4
IB NA round goby {Neogobius melanostomus) 8 5.4
1C NA round goby {Neogobius melanostomus) 8.1 6.2
1C NA round goby {Neogobius melanostomus) 7.7 6.1
1C NA round goby {Neogobius melanostomus) 7.8 5.8
1C NA round goby {Neogobius melanostomus) 5.5 2.4
1C NA round goby {Neogobius melanostomus) 9.1 8.9
1C NA round goby {Neogobius melanostomus) 7.1 4.5
1C NA round goby {Neogobius melanostomus) 7 4.4
1C NA round goby {Neogobius melanostomus) 6.6 3.6
1C NA round goby {Neogobius melanostomus) 7.5 5.2
1C NA round goby {Neogobius melanostomus) 6.9 4.1
1C NA round goby {Neogobius melanostomus) 11 15.4
1C NA round goby {Neogobius melanostomus) 7.7 5.4
1C NA round goby {Neogobius melanostomus) 7.9 7.2
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Distance 
from the 
Groundwater 
Source (m)
Common Name Length(cm)
Weight
(g)
1C NA round goby (Neogobius melanostomus) 7 3.9
10 NA round goby (Neogobius melanostomus) 6.5 3.4
10 NA round goby (Neogobius melanostomus) 6.9 4
1C NA round goby (Neogobius melanostomus) 6.7 3.7
10 NA round goby (Neogobius melanostomus) 6.5 3
10 NA round goby (Neogobius melanostomus) 6.5 3.6
10 NA round goby (Neogobius melanostomus) 6.4 3.4
10 NA round goby (Neogobius melanostomus) 8.2 6.5
10 NA round goby (Neogobius melanostomus) 7.2 4.1
10 NA round goby (Neogobius melanostomus) 7 4
10 NA round goby (Neogobius melanostomus) 6.7 3
10 NA round goby (Neogobius melanostomus) 7.5 5.5
10 NA round goby (Neogobius melanostomus) 6.5 3.1
10 NA round goby (Neogobius melanostomus) 7.6 5.4
10 NA round goby (Neogobius melanostomus) 7.3 4.9
10 NA round goby (Neogobius melanostomus) 7.8 5.2
10 NA round goby (Neogobius melanostomus) 8.5 7.2
10 NA round goby (Neogobius melanostomus) 7.8 3
10 NA . . round goby (Neogobius melanostomus) 7.5 4.7
10 NA round goby (Neogobius melanostomus) 8.6 6.6
10 NA round goby (Neogobius melanostomus) 7.7 5.6
10 NA round goby (Neogobius melanostomus) 6.9 4.1
10 NA round goby (Neogobius melanostomus) 7.4 4.7
10 NA round goby (Neogobius melanostomus) 7.4 3.5
10 NA round goby (Neogobius melanostomus) 5.9 2.2
10 NA round goby (Neogobius melanostomus) 6.6 3.9
10 NA round goby (Neogobius melanostomus) 6 3
10 NA round goby (Neogobius melanostomus) 6.5 3.9
10 NA round goby (Neogobius melanostomus) 7.1 3.9
10 NA round goby (Neogobius melanostomus) 6.8 3.8
10 NA round goby (Neogobius melanostomus) 6.6 3.1
10 NA round goby (Neogobius melanostomus) 6.4 3.5
10 NA round goby (Neogobius melanostomus) 10.4 13.7
10 NA round goby (Neogobius melanostomus) 11 13.8
ID NA round goby (Neogobius melanostomus) 5.7 2.5
ID NA round goby (Neogobius melanostomus) 8 5.3
ID NA round goby (Neogobius melanostomus) 6.8 3.4
ID NA round goby (Neogobius melanostomus) 6.9 4
ID NA round goby (Neogobius melanostomus) 7 4.4
ID NA round goby (Neogobius melanostomus) 7.2 4.1
ID NA round goby (Neogobius melanostomus) 7.5 5
ID NA round goby (Neogobius melanostomus) 7.1 4.2
ID NA round goby (Neogobius melanostomus) 6.6 3.3
ID NA round goby (Neogobius melanostomus) 7.1 3.8
ID NA round goby (Neogobius melanostomus) 7 3.4
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from the 
Groundwater 
Source (m)
Common Name Length Weight (cm) (g)
ID NA round goby {Neogobius melanostomus) 7.2 4.3
ID NA round goby {Neogobius melanostomus) 7.9 5.7
ID NA round goby {Neogobius melanostomus) 7.1 4.3
ID NA round goby {Neogobius melanostomus) ' 7.9 4.7
ID NA round goby {Neogobius melanostomus) 8 6.1
ID NA round goby {Neogobius melanostomus) 6.9 4
ID NA round goby {Neogobius melanostomus) 7.6 4.8
ID NA round goby {Neogobius melanostomus) 7.2 4.1
ID NA round goby {Neogobius melanostomus) 8 7.7
ID NA round goby {Neogobius melanostomus) 7.5 4.5
ID , NA . round goby {Neogobius melanostomus) 7.1 4.1
ID NA round goby {Neogobius melanostomus) 7.4 5.1
ID NA round goby {Neogobius melanostomus) 8.2 6.4
ID NA round goby {Neogobius melanostomus) 10.5 12
2B NA round goby {Neogobius melanostomus) 7.4 4.2
2B NA round goby {Neogobius melanostomus) 7.8 .4.6
2B NA round goby {Neogobius melanostomus) 9 8.2
2B NA round goby {Neogobius melanostomus) 9.2 9.4
2B NA round goby {Neogobius melanostomus) 7 4.3
2B NA round goby {Neogobius melanostomus) 6.8 3.8
2B NA round goby {Neogobius melanostomus) 8 5.4
2B NA round goby {Neogobius melanostomus) 8.1 5.9
2B NA round goby {Neogobius melanostomus) 7.6 4
2B NA round goby {Neogobius melanostomus) 7 3.8
2B NA round goby {Neogobius melanostomus) 7.5 4.2
2B NA round goby {Neogobius melanostomus) 8 6
2B NA round goby {Neogobius melanostomus) 8.1 6.2
2B NA round goby {Neogobius melanostomus) 7.8 5.2
2B NA round goby {Neogobius melanostomus) 7.4 4.8
2B NA round goby {Neogobius melanostomus) 6.7 3.3
2B NA round goby {Neogobius melanostomus) 6 2.3
2B NA round goby {Neogobius melanostomus) 8.5 5.5
2B NA round goby {Neogobius melanostomus) 5.9 1.8
2B NA round goby {Neogobius melanostomus) 6.5 3
2B N A ­ round goby {Neogobius melanostomus) 8 5.9
2B NA round goby {Neogobius melanostomus) 9.2 9
2B NA round goby {Neogobius melanostomus) 7.7 5.5
2B NA round goby {Neogobius melanostomus) 7.8 5.7
2B NA round goby {Neogobius melanostomus) 7.2 4.6
2B NA round goby {Neogobius melanostomus) 9 8.5
2B NA round goby {Neogobius melanostomus) 8.8 5.3
2B NA round goby {Neogobius melanostomus) 6.8 4.2
2B NA round goby {Neogobius melanostomus) 7.3 5.8
2B NA round goby {Neogobius melanostomus) 6.6 3.7
2B NA round goby {Neogobius melanostomus) 13 26.6
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2C NA round goby (Neogobius melanostomus) 7.4 4.3
2C NA round goby (Neogobius melanostomus) 7.2 3.9
2C NA round goby (Neogobius melanostomus) 7 3.8
2C , NA round goby (Neogobius melanostomus) 7.2 4.9
2C NA round goby (Neogobius melanostomus) 7 3.8
2C NA round goby (Neogobius melanostomus) 6.5 3.1
2C NA round goby (Neogobius melanostomus) 7.1 4.1
2C NA round goby (Neogobius melanostomus) 7.4 4.2
2C NA round goby (Neogobius melanostomus) 8.7 7.6
2C NA round goby (Neogobius melanostomus) 7.1 4.6
2C NA round goby (Neogobius melanostomus) 8 6.3
2C NA round goby (Neogobius melanostomus) 6.9 4.7
2C NA round goby (Neogobius melanostomus) 8.2 6.7
2C NA round goby (Neogobius melanostomus) 7 4.4
2C NA round goby (Neogobius melanostomus) 6.5 3.3
2C NA round goby (Neogobius melanostomus) 6.5 3.7
2C NA round goby (Neogobius melanostomus) 7.2 5.3
2C NA round goby (Neogobius melanostomus) 7.3 4.8
2C NA round goby (Neogobius melanostomus) 8.1 7
2C NA round goby (Neogobius melanostomus) 9.6 11.3
2C NA round goby (Neogobius melanostomus) 11 14.7
2C NA round goby (Neogobius melanostomus) 10.8 15.6
Offshore 5 NA round goby (Neogobius melanostomus) 6.7 3.8
Perimeter 5 NA found goby (Neogobius melanostomus) 14.1 44.2
5 NA round goby (Neogobius melanostomus) 8 7.3
5 NA round goby (Neogobius melanostomus) 7.7 5.9
5 NA round goby (Neogobius melanostomus) 8.1 7.5
5 NA round goby (Neogobius melanostomus) 8.7 9.1
5 NA round goby (Neogobius melanostomus) 8.2 7
5 NA round goby (Neogobius melanostomus) 15.9 54
5 NA round goby (Neogobius melanostomus) 13.9 26.4
5 NA round goby (Neogobius melanostomus) 9.2 11.1
5 NA round goby (Neogobius melanostomus) 7.9 7.1
' 5 NA round goby (Neogobius melanostomus) 11.3 22.4
5 NA round goby (Neogobius melanostomus) 6.3 3.7
5 NA round goby (Neogobius melanostomus) 7.5 5.2
5 NA round goby (Neogobius melanostomus) 7.4 4.5
5 NA round goby (Neogobius melanostomus) 6.6 3.8
6 NA round goby (Neogobius melanostomus) 10.5 18.4
6 NA round goby (Neogobius melanostomus) 8.7 10
6 NA round goby (Neogobius melanostomus) 7.8 5.7
6 NA round goby (Neogobius melanostomus) 5.2 2
6 NA round goby (Neogobius melanostomus) 6.5 3.7
6 NA round goby (Neogobius melanostomus) 7.9 7.1
6 NA round goby (Neogobius melanostomus) 8.3 7.9
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6 NA round goby (Neogobius melanostomus) 8.6 7.2
6 NA round goby (Neogobius melanostomus) 9.1 10.8
6 NA round goby (Neogobius melanostomus) 7.7 5.6
6 NA round goby (Neogobius melanostomus) 8.2 7.6
6 NA round goby (Neogobius melanostomus) 7.8 6.7
6 NA round goby (Neogobius melanostomus) 6.5 4.1
6 NA round goby (Neogobius melanostomus) 6.4 3.4
6 NA round goby (Neogobius melanostomus) 7.8 6.3
6 NA round goby (Neogobius melanostomus) 5.4 2.1
6 NA round goby (Neogobius melanostomus) 6.6 3.7
6 NA round goby (Neogobius melanostomus) 5.4 2.3
7 NA round goby (Neogobius melanostomus) 7.2 5.6
7 NA round goby (Neogobius melanostomus) 9.1 10.5
7 NA round goby (Neogobius melanostomus) 7.4 6.1
7 NA . round goby (Neogobius melanostomus) 8.4 7.2
7 NA round goby (Neogobius melanostomus) 6.5 4
7 NA round goby (Neogobius melanostomus) 5.8 2.4
7 NA round goby (Neogobius melanostomus) 5,8 2.6
7 NA round goby (Neogobius melanostomus) 7.7 6.4
7 NA round goby (Neogobius melanostomus) 7.3 5.6
7 NA round goby (Neogobius melanostomus) 7.1 4.7
7 NA round goby (Neogobius melanostomus) 6.2 3.5
7 NA round goby (Neogobius melanostomus) 5.7 2.5
7 NA round goby (Neogobius melanostomus) 6.3 4
7 NA round goby (Neogobius melanostomus) 6.8 4.6
7 NA round goby (Neogobius melanostomus) 8.6 8.2
7 NA round goby (Neogobius melanostomus) 6.2 3.5
7 NA round goby (Neogobius melanostomus) 6.4 3.8
7 NA round goby (Neogobius melanostomus) 5.6 2.5
7 NA round goby {Neogobius melanostomus) 6.7 4
7 NA round goby (Neogobius melanostomus) 5.7 2.8
7 NA round goby (Neogobius melanostomus) 6.1 3.3
7 NA round goby (Neogobius melanostomus) 6.4 3.7
7 NA round goby (Neogobius melanostomus) 7 5.8
7 NA round goby (Neogobius melanostomus) 5.9 2.8
7 NA round goby (Neogobius melanostomus) 5.4 2.1
7 NA round goby (Neogobius melanostomus) 6.5 4.2
7 NA round goby (Neogobius melanostomus) 6.7 4.2
7 NA round goby (Neogobius melanostomus) 7.1 5.4
7 NA round goby (Neogobius melanostomus) 5.7 2.4
7 NA round goby (Neogobius melanostomus) 6.3 3.4
7 NA round goby (Neogobius melanostomus) 5.2 2
7 NA round goby (Neogobius melanostomus) 5 1.7
7 NA round goby {Neogobius melanostomus) 5.4 2.1
7 NA round goby (Neogobius melanostomus) 4.5 1.2
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7 NA round goby {Neogobius melanostomus) 5.2 1.7
7 NA round goby (Neogobius melanostomus) 4.7 1.4
8 NA round goby (Neogobius melanostomus) 6.1 3
8 NA round goby (Neogobius melanostomus) 7.8 5.8
9 NA round goby (Neogobius melanostomus) 7.2 5.3 .
9 NA round goby (Neogobius melanostomus) 6.7 3.6
9 NA round goby (Neogobius melanostomus) 7.3 5.2
9 NA round goby (Neogobius melanostomus) 5.9 2.7
9 NA round goby (Neogobius melanostomus) 9 8
10 NA round goby (Neogobius melanostomus) 7.3 5.5
10 NA round goby (Neogobius melanostomus) 8.2 8
10 NA round goby (Neogobius melanostomus) 8.2 8.4
10 NA round goby (Neogobius melanostomus) 6.5 3.9
10 NA round goby (Neogobius melanostomus) 10.6 17
10 " NA round goby (Neogobius melanostomus) 8.4 7.3
10 NA round goby (Neogobius melanostomus) 8.4 7.6
10 NA round goby (Neogobius melanostomus) 9.1 11.2
10 NA round goby (Neogobius melanostomus) 7.3 5.3
10 NA round goby (Neogobius melanostomus) 8 8.2
10 NA round goby (Neogobius melanostomus) 6.4 3.3
10 NA round goby (Neogobius melanostomus) 6.4 3.1
10 NA round goby (Neogobius melanostomus) 6.6 3.3
10 NA round goby (Neogobius melanostomus) 6.2 3.2
10 NA round goby (Neogobius melanostomus) 6.7 3.5
10 NA round goby (Neogobius melanostomus) 6.4 3.6
10 NA round goby (Neogobius melanostomus) 6.1 2.7
10 NA round goby (Neogobius melanostomus) 5.6 2.5
10 NA round goby (Neogobius melanostomus) 6.4 3.4
11 NA round goby (Neogobius melanostomus) 15 58.4
11 NA round goby (Neogobius melanostomus) 11.4 24.9
11 NA round goby (Neogobius melanostomus) 12.2 26.2
11 NA round goby (Neogobius melanostomus) 6.5 3.9
13 NA round goby (Neogobius melanostomus) 10.3 16.2
13 NA round goby (Neogobius melanostomus) 10.4 16.5
13 NA round goby (Neogobius melanostomus) . 6.2 2.7
13 NA round goby (Neogobius melanostomus) 9 10.7
13 NA round goby (Neogobius melanostomus) 9.1 9.6
13 NA round goby (Neogobius melanostomus) 9.3 10.2
13 NA round goby (Neogobius melanostomus) 9 8.5
13 NA round goby (Neogobius melanostomus) 7.5 5.5
13 NA round goby (Neogobius melanostomus) 8 6
13 NA round goby (Neogobius melanostomus) 8 7.8
13 NA round goby (Neogobius melanostomus) 8.9 9.5
13 NA round goby (Neogobius melanostomus) 8.3 7
13 NA round goby (Neogobius melanostomus) 7.6 6.2
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Site Trap
Distance 
from the 
Groundwater 
Source (m)
Common Name Length
(cm)
Weight
(g)
13
13
NA
NA
round goby (Neogobius melanostomus) 
round goby (Neogobius melanostomus)
7.4
12.1
5.3
23
NA -  Not Applicable
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APPENDIX E
The mean and range of ô^^C, ô^^N, Ô^ ‘*S values for all components of the 
groundwater and control sites of sampling areas in Lake Huron.
Site
Sample Type
5"C 5‘"N
Value/ - . Value/ . . .  _ . Value/ . . .  _ .. ,  Mm/Max n . .  Mm/Max n . .  Mm/Max Mean Mean Mean
D ie 1 -2.6
DIS 1
POM 5 -26.6 -25.1/-28.4 1 2.6
Benthic Producers
White bacterial mat 1 -32.4 1 2.1
Purple bacterial mat 1 -32.5 1 1.0
Green algal mat 1 -32.9 1 2.5
Emergent Vegetation
Schoenoplectus sp. 1 -26.3 1 2.0
Charasp. 1 -22.3 1 -5.5
Phytoplankton 1 -29.6 1 3.9
Zooplankton 1 -32.6 1 4.6
Macroinvertebrates 5 -21.5 -28.9/-18.6 5 4.1 3.9/4.3
Benthivorous Fish
Brown bullhead (Ameiurus 
nebulosus) 1 -23.5 1 5.7 1
Brook stickleback {Culaea 1 -26.7 1 6.6 2inconstans)
Central mudminnow {Umbra limi) 1 -26.9 1 8.1 1
Bluegill {Lepomis macrochirus) 2 -22.2 -22.3/-22.1 2 7.19 6.9/7.5 2
Piscivorous Fish
Northern pike {Esox lucius) 4 -22.7 -23.21-22.2 4 10.0 9.7/10.3 4
Shallow Lake water
DIG 1 0.2
DIS 1
POM 5 -25.7 -26.5/-23.4 5 3.9 1.38/9.07
Emergent Vegetation
Schoenoplectus sp. 1 -26.8 1 - 1.0
Chara sp. 1 -17.7 1 - 1.6
Potamogeton sp. 1 -12.9 1 -3.3
Phytoplankton 1 -23.2 1 2.5
Zooplankton 1 -23.0 1 2.7
Macroinvertebrates 7 -21.7 -23.0/-18.6 7 3.3 1.0/3.9
Benthivorous Fish
Spottail Shiner {Notropis 5 -18.6 -19.4/-17.8 5 6.4 6.1/6.6 5hudsonius)
Round Goby {Neogobius
2 -18.1 -18.2/-17.9 2 7.06 6.9/7.3 2melanostomus)
 19.4
 -3.0
-1.0 -4.4/2.5
-5.0
-2.6 -2.7/-2.4
 6.9
Piscivorous Fish 
Northern pike {Esox lucius) 
Smalhnouth bass (Micropterus 
dolomieu)
-19.3
-17.9
1 10.5
1 10.8
1 2.5
1 3.7
Longaose gsr (Lepisosteus osseus) 2 -21.2 -23.3/-19.0 2 13.2 13.1/13.4 2 2.1 1.1/3.0
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Offshore Groundwater
D ie 1 -4.1
DIS 1 18.4
POM 9 -25.7 -27.8Z-23.7 1 0.02
Benthic Producers
White bacterial mat 1 -34.9 1 -0.5
Purple bacterial mat 1 -25.3 1 -0.1
Green algal mat 1 -26.7 1 -0.9
Phytoplankton 1 -22.4 1 3.0
Zooplankton 1 -21.8 1 6.5
Macroinvertebrates 3 -31.7 -34.9/-30.1 3 3.4 3.0/3.6
Benthivorous Fish
Longnose sucker {Catostomus 
catostomus) 3 -20.4 -21.7/-18.3 3 8.3, 7.579.3 3 - 1.0 -3.974.8
Round Goby {Neogobius 
melanostomus) 4 -20.6 -21 .8/-20.1 4 9.7 8.9/10.9 4 3.8 0.7/5.6
Warmouth {Lepomis gulosus) 1 -15.5 1 8.2 1 4.2
Ninespine Stickleback {Pungitius 
pungitius) 1 -22.1 1 10.5 1 0.6
Planktivorous Fish
Lake whitefish {Coregonus 
clupeaformis) 4 -18.4 -19.4/-17.2 4 10.5 10.3/10.7 4 4.4 4.0/4.9
Piscivorous Fish
Walleye {Sander vitreus) 2 -19.6 -20.0/-19.2 2 12.6 12.2/12.9 2 3.9 3.6/4.1
Burbot {Lota lota) 1 -19.0 1 13.2 1 3.6
Smalhnouth bass {Micropterus 
dolomieu) 4 -16.6 -17.2/-16.0 4 11.0 10.5/11.4 4 3.9 3.7/4.0
Offshore Lake water
Die 1 0.9
DIS 1 ND
POM 5 -25.3 -27.37-23.5 1 2.0
Benthic Producers
Green algal mat 1 -21.4 2.3
Phytoplankton 1 -22.2 ND
Zooplankton 1 -21.2 1 3.2
Macroinvertebrates 3 -19.1 -19.7/-18.7 3 1.4 1.3/1.5
Benthivorous Fish
Round goby {Neogobius 
melanostomus) 11 -17.8
-20.3/-15.7 11 8.7 7.7/10.3 11 3.4 2.574.5
Planktivorous Fish
Lake whitefish {Coregonus 
clupeaformis) 3 18.7 -21.5/-17.3 3 11.2 10.3/11.7 3 3.8 3.6/4.1
Piscivorous Fish
Walleye {Sander vitreus) 2 -19.5 -19.8/-19.2 2 12.8 12.7/12.9 2 4.6 3.975.3
D ie  -  dissolved inorganic carbon from water samples 
DIS -  dissolved inorganic sulfur from water samples 
POM -  particulate organic matter 
ND -  no data
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